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Summary:
In this work Zinc Oxide (ZnO) Nanowires were fabrication using the 
Hydrotherm al Growth method. All the m ajor variables were explored, solution 
tem perature, concentration, growth time, seed layer thickness and m ethod, substrate 
position, ratio o f  precursors, yet initially reproducible crystal growth could not be 
obtained. Tolerances were too high when com paring the m orphology results from 
nanowire arrays using the sam e recipe; a significant variable was clearly being 
overlooked. By collating all the quantitative data and com piling it against all recorded 
variables it was prom ptly determ ined how the solution was stirred and for how long had 
an astonishingly high impact on the final m orphology and optical properties o f  the 
obtained ZnO  nanowires.
Once ZnO nanowire reproducibility was obtained the thesis then exam ines 
biocom patibility. W here this work shows that ZnO nanowires are stable in m edia for 7 
days, that U-2 OS cells adhere and proliferation as normal for 3 days. P rom ega's MTS 
assay results showed that at 3 days both 2:1 nanowires and the glass control had 88 % 
the num ber o f  cells o f  a no substrate (well only) control. It was also shown with 
Invitrogen 's LIVE DEAD assay that 2:1 nanowires obtained results sim ilar to the glass 
control, with the results at low seeding after 3 days being 59, 65 and 62 % live cells for 
glass control, 2:1 and 1:1 nanowires, respectively. It was therefore found in this work 
that hydrotherm ally  grown ZnO nanowires are biocom patible with U-2 OS cells for up 
to 3 days.
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Chapter 1: Introduction
Chapter 1. Introduction
1.1. Preamble
It is becoming increasing apparent that the field o f  cellular mechanics which 
focuses on observing the minute forces exerted by c ells on the extra cellular matrix and 
substrate is of key importance in further understanding of both physiological and 
pathological processes such as inflammation, wound healing and the growth and spread 
of disease (angiogenesis and metastasis) [1]. It ha s recently been shown in the literature 
that both cell form and function can be manipulated via mechanical tension of the 
cytoskeleton, and that associated changes in cell shape affect cell behaviour altering 
functions such as growth, differentiation, apoptosi s, motility, signal transduction, gene 
expression, and chromosome movement just to name a few [2], These forces when 
applied to the cytoskeleton are also transmitted across the cell surface and have been 
shown in the literature to influence tissue development, with even formation of 
complex organs, vertebrate and the brain being guided by mechanical forces [3], 
However measurements of these forces on living cell s currently lack the sensitivity 
required to gain a significant insight into cell mechanics, being limited to intrusive 
external probes such as the atomic force microscope (AFM). Intra-cellular reporters 
capable of delivering in-situ monitoring of cellula r forces for insight into cell behaviour 
on material surfaces as they proliferate would repr esent a paradigm shift in the field of 
biomaterials science. Obtaining this information is crucial for the development of long­
term implantable materials as a better understandin g of cell-substrate interaction could 
improve the biocompatibility and success rate of im plants.
The subject of this Doctorate is to develop a metho d to successfully integrate 
ZnO nanowires with mammalian cells, so that the man y wonderful properties of ZnO 
(covered in the next chapter) can be exploited to y ield information on cell-substrate 
interaction. Of particular interest is the application of ZnO nanowire arrays as novel 
optical force sensors, sensitive enough to detect the tractional forces induced by cell 
motion as mammalian cells proliferate and migrate. However, this is only one o f many 
directions this research can take once the ground-work for both reproducible ZnO 
nanowire array production and biocompatibility has been covered. Nanowires could be
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bound with drugs and shape optim ised for phagocytosis for rapid drug delivery. Surface 
properties could be tailored to promote changes in phenotype, or arrays coated in 
cytokines to investigate chem o-taxis. They could even be developed as coatings for 
implants to promote cell differentiation to relevant lineages. H ow ever, all these ideas 
and directions cannot be achieved without obtaining reproduicible production and 
biocompatibility. These will be the focus o f this work.
Because ZnO is an optically non-linear material, this work originally wished to 
exploit the nonlinear optical process o f  Second Harmonic G eneration (SHG ), to observe 
in the traction forces exerted by the cells on the nanowires as they  proliferate leading to 
strain induced band gap  change. These changes in band gap posiition or size affect the 
intensity o f  the SHG signal [4] resulting in a method to monitor the  proliferation o f  cells 
across the ZnO array, where intensity will be used as contrast to create an optical map 
o f  forces. An exam ple can be found from the work o f  Butet et al. [5], (in Fig. 1.1.) 
where they use a T i:Sapphire laser tuned to a wavelength o f  794 nm  with 180 fs pulses 
at 76 M Hz to image the SHG intensity o f 150 nm diam eter Au colloids in gelatin. The 
image presents good spatial resolution and contrast allowing distinction between the 
colloidal clusters and the gelatin background. The cells used in this work are typically 
50 - 60 pm in diam eter and the wires 80 - 150 nm in diameter, thus it can be understood 
how similar prelim inary results should certainly be achievable.
Q-400
(fsso
p. 300
j - 250 ■ 200
[SH counts
10 20 30 40
Y{pm)
Figure 1.1. Shows a map o f  second harmonic intensity at 397nm o f  a 50x50(im area o f  gelatin where 
embedded Au nanoparticles are seen as higher contrast than the background, from [5].This work forms 
the basis o f  using SHG as a tool to track Au colloid tagged antibodies which can be programmed to target 
almost any protein.
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One o f the key advantages o f using SHG is that because the photons are 
frequency doubled then they are o f  higher energy a n d  are less likely to inflict cell 
damage due to less perturbation o f  the cells. Also due to these reduced peak power 
requirements o f SHG, required power density only oc curs at the focal point resulting in 
intrinsic 3D sectioning without the traditional use o f a confocal aperture [6]. This 
greatly reduces out o f focal plane photo-bleaching and photo-toxicity, which are 
unwanted processes that typically break down dyes a nd form reactive oxygen ion 
species in other optical based life sciences techni ques; as lim iting o f interaction to only 
the focal plane allows data acquisition with SHG o v e r much longer timescales. Also, 
Agopov et al [7] have reported that imaging through a medium is possible with SHG, 
where Phosphate Buffered Saline (PBS) was used to w ash  and suspend bio-m aterials for 
imaging and reported to yield better signal to nois e ratio (SNR) due to less scattering. 
This is because the obtained image always comprises o f  both direct backward 
components as well as some forward com ponents that have been baekscattered towards 
the objective lens due to mean free path length pro pagation and scattering in the sample
[8]. Although SHG inherently will have SNR far better than other optical techniques 
due to the excitation source being twice the wavele ngth o f  the emission, care must be 
taken to ensure that phase mismatch between the int eracting waves is close to zero.
Bending
Nanowires
Substrate
ZnO 
I Nanowires
3
Figure 1.2. Concept of  final device to be completed by phase 3 o f  the work, where cells are grown on the 
nanowires bending the nanowires (shown in orange) causing a change Z nO ’s optical properties.
The proposed sensor will consist o f  a vertical array  o f  ZnO nanowires onto 
which cells will be allowed to proliferate for up to  72 hours, as illustrated by Fig. 1.2. 
The tangential forces exerted by the cells as they m igrate and proliferate will bend the 
nanowires (orange in F ig .l .2.) with the resulting stra in  altering crystal quality and hence 
altering the intensity o f the SHG signal. Therefore it will be possible to use SHG to
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image the nanowires underneath the cells, yielding a map of the forces exerted by the 
cells leading edge with a spatial resolution of a f  ew hundred nanometres. However it 
should be noted that spatial resolution will be det ermined by altering the dimensions of 
the nanowires, allowing manipulation of device sens itivity for specific force regimes. 
The concept of using the structural deformation of ZnO nanowires and the ensuing non­
symmetry of the crystal lattice to provide non-line ar optical sensing of force presents a 
challenge. Whilst deformation of crystal symmetry i n nanowires is being explored for 
electrical sensors, through piezoelectric properties [9], its use in fluorescence sensors 
producing second harmonic generation is wholly nove 1 (at the time of writing) and 
presents a true paradigm shift in the way microbiol ogists may study cell mechanics.
The scope of work in this thesis is large comprising of multiple disciplines 
throughout each of the 9 chapters; and may be broke n down into three main phases:
1. Fabrication of ZnO Nanowires
2. Biocompatibility of ZnO Nanowires
3. Refinement of Optical and Mechanical Properties
1.2. References
[1] S. Kumar and V. M. Weaver, “Mechanics, malignancy, and metastasis: the force journey o f  a 
tumor cell.,” Cancer Metastasis Rev., vol. 28, no. 1-2, pp. 113-27, Jun. 2009.
[2] M. E. Chicurel, C. S. Chen, and D. E. Ingber, “Cellular control lies in the balance o f  forces.,”
Curr. Opin. Cell B io l, vol. 10, no. 2, pp. 232-9 , Apr. 1998,
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[4] J. Si, “Band-gap dependence o f  optically encoded second-harmonic generation in B i2 0 3 -B 2 0 3 -  
S i02  glasses,” Opt. Commun., vol. 180, no. 1-3, pp. 179-182, Jun. 2000.
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the pig lamina cribrosa using a scanning laser ophthalmoscope-based microscope.,” Lasers Med. 
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Biophys. J., vol. 93, no. 4, pp. 1312-20, Aug. 2007.
[9] J. Zhou, P. Fei, Y. Gao, Y. Gu, J. Liu, G. Bao, and Z. L. Wang, “Mechanical-electrical triggers 
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Chapter 2. Optical and Mechanical Properties of 
Zinc Oxide
2.1. Introduction
Zinc Oxide (ZnO) has obtained renewed attention due to the synthesis of p-type 
ZnO by several groups [1-3]. ZnO’s semiconducting and piezoelectric properties, as 
well as its direct wide band gap of 3.37 eV and exc iton binding energy of 60 meV [4,5], 
show that the material system has many applications in optoelectronics. Recently ZnO 
research has intensely focused on fabrication and operation of one-dimensional (ID) 
ZnO nanomaterials, typically centered on nanowires, nanorods, nanotubes, and 
nanobelts due to their mechanical and electrical pr operties [6,7]. Due to these properties 
ZnO nanomaterials have been reported to have abundant potential for applications in 
electronic and optoelectronic devices, such as ultraviolet lasers [8], photo sensors [9], 
gas sensors [10], and nanogenerators [11]. Additionally its high isoelectric point (9.5), 
biocompatibility and fast electron transfer kinetics make it promising for biosensing 
applications [12]. ZnO has also been used in non-linear optical techniques such as 
multiphoton fluorescence [13] and second harmonic generation to image live tumour 
(KB) cells [14]; with both applications making ZnO an ideal material system for 
application as a live cell force sensor.
As discussed in chapter 1, the deformation of cryst al symmetry in nanowires is 
being explored for mechanical sensors via piezoelectric effects [15], its use in 
fluorescence based sensors producing second harmoni c generation is novel and yet to be 
fully explored. Yet the concept of using the structural deformation of ZnO nanowires 
and their non-symmetry of the crystal lattice to exploit non-linear optical sensing of 
force could cause a flurry interest in field o f for ce sensing. It is the periodicity of atomic 
nuclei that determine the separation of the energy levels into bands, then an introduction 
of defects in the crystal lattice could result in a breakdown of symmetry, having 
implications on the optical properties of the mater ial. Therefore to fully understand the
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concepts explored later in the thesis this chapter will explain the basic properties, 
crystallography and optical property dependence on lattice homogeneity.
2.2. Crystal structure of ZnO
Due to Z nO ’s non-centrosym metric hexagonal wurtzite crystal structure yielding 
both piezoelectric (electric fie ld  created when mechanical strain appl ied) and 
pyroelectric (voltage generated with when temperature change) properties then there 
has been much interest in application o f  ZnO in devices in the literature for energy 
harvesting [15J and tem perature sensing [16]. Therefore it is best to first understand the 
crystal structure o f  ZnO.
C-axis (a) 
[0001] (0001)
(b)
( 1011 )
( 1010 )
o
Zn
Figure 2.1. Diagram a) represents the common morphology of  ZnO nanowires grown using the 
hydrothermal method with 3 facets labeled with Miller-Bravais indices, adapted from [17], Diagram b) 
shows a the wurtzite unit cell o f  ZnO, adapted from [18], Full explanation of Miller-Bravais indices and 
lattice constants given in Appendix I.
Fig. 2.1. shows the hexagonal wurtzite structure o f the sem iconductor ZnO, that
74- 7consists o f  group II Zn ions and group VI O ' ions that tetrahedrally arranged and are 
alternatively stacked along the c-axis. M eaning th a t each Zinc ion has 4 Oxygen ions 
neighbouring in a tetrahedral arrangement and the s ame is also true for an Oxygen ion. 
The crystal structure o f adjacent tetrahedrons causes the formation o f  bi-layers o f zinc 
and oxygen, where typically the (0001) and (000 1) facets would be Zinc and Oxygen 
terminated, respectively. However this leads to d ifferences in charge distributions and a
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reduction is often witnessed at the polar (0001) surface because the Zinc and Oxygen 
surface atoms have only 3 neighbours instead of 4. Therefore hexagonal unit cell 
contains a negatively charged polar (0001) facet and a positively charged polar (0001) 
facet, this has an effect on biocompatibility and is  discussed in chapter 8. The lattice 
constants are ao -  0,325 nm and Co = 0.521 nm and belong to the point group C6v and 
space group C46Vusing Schoenflies notation [19]; yielding a c/a ratio of 1.602 which is 
close to the ideal value of 1.633 for a hexagonal c ell [20]. This is not quite ideal due to 
ZnO’s u value of 0,345 that is a measure of the amount by which atoms are displaced 
along the c-axis; known as inter-atomic spacing. Th is is because u affects the following 
relationship wc/a=(3/8)l/2, where c/tf=(8/3)l/2 and w=3/8 for an ideal wurtzite crystal 
[21].
2.3. Properties of ZnO
Semiconductors are formed (in our case) when group II and VI (2 and 6 
electrons available respectively) elements coalesce forming a neutral compound; 
however elements from other groups can often be inc orporated changing the properties 
of the material system. This is called doping and i s often used as a method of changing 
ZnO optical properties [22]. Typically semiconductors are (poor conductors) at room 
temperature as thermal equilibrium conditions preva il so that all electrons occupy the 
valence band states; however if  the material is excited via optical pumping or 
temperature elevation then electrons can obtain suf ficient energy to be excited into the 
conduction band. Adjacent vacant conduction band st ates allow charge to travel and the 
material becomes a conductor [23], This process can be altered significantly with the 
inclusion of dopants [24] as well as defects within the lattice [25]; both these with be 
discussed in further detail. Table 2.1 shows bulk ZnO properties as nanowires have been 
confirmed by both X-ray diffraction and TEM to share the same wurzite lattice structure 
as the bulk [26],
It should be noted that the properties listed in Table 2.1. are for bulk ZnO and 
that when this material becomes nanoscale in one or more dimensions its properties tend 
to alter slightly. However it has been shown in the literature that the exciton Bohr radius 
for ZnO is 2.34 nm [27] and therefore the optical properties of the nanowires fabricated 
in this work will not be affected by their dimensions due to their large 50 -  150 nm
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diameter widths. The properties are more likely to be affected by the change in surface 
area to volume ratio which often leads to enhancement of surface states for 
nanostructures.
Table 2.1. Properties o f  wurtzite ZnO at 300 K, from [28],
Property Value
Molecular Weight 81.408 g/mol
Lattice parameters at 300K: a0 0.325 nm
Co 0.521 nm
ao / Co 1.602(1.633 ideal)
u 0.345
Density 5.606 g/cm3
Melting Point 1975 °C
Thermal Conductivity 25 W/mK at 20 °C
Linear expansion coeff. (/°C): a0 6.5X10*6
Co 3.0x10"*
Static dielectric constant 8.656
Refractive index 2.008
Band gap 3.37eV
Carrier concentration: Intrinsic < 106 cm'3
max n-type doping 1020 cm'3 electrons
max p-type doping 1017 cm’3 holes
Exciton binding energy
Electron (m /)
60 meV
Effective mass of: 0.24
Hole (mh*) 0.59
Hall mobility at 300 K: n-type conductivity 200 cm 2/Vs
p-type conductivity 5-50 cm2/Vs
To better understand the electronic and optical properties of ZnO discussed in 
the following sections it is ideal to understand band diagrams, as they can be used to 
explain the spectral changes witnessed in photoluminescence data [29] (explained in 
chapter 4). In semiconductors a region exists betwe en the valence and conduction bands 
containing forbidden energy levels between that determine the behaviour of the 
semiconductor. Semiconductors require an external energy source to excite their 
electrons to traverse the forbidden region (band gap) up an energy level; such as optical 
excitation. However when the electron transitions b ack to the valence band to combine 
with a hole it looses this energy by emitting a single photon. This process is called 
recombination and is shown in Fig. 2.2. The conduction and valence bands are not flat 
but parabolic curves, or for some materials even mo re complex curves that are different 
for each material. There exist multiple methods for electrons and holes to recombine. 
Direct recombination occurs when the conduction band minimum aligns with the 
valence band maximum, and indirect recombination oc curs when the conduction band 
minimum and valence band maximum do not align.
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Figure 2.2. Band diagram of the two major recombination processes, direct and indirect recombination,
(a) Electron-hole pair recombination in ZnO, a direct band gap semiconductor, (b) Electron-hole pair 
recombination in Si an indirect band gap semiconductor, via a recombination centre [30].
Fig. 2.2. shows if  an electron is given sufficient energy then it may traverse the 
band gap, in doing so a positively charged hole wil 1 be left behind and recombining 
these two carriers will result in emission o f  a photon to conserve energy. This process 
can happen either directly or indirectly depending on the material system and the 
amount o f defects present within the lattice as def ect provide energy levels within the 
bandgap. In Fig. 2.2a an electron is shown m aking th e  transition from conduction to 
valence band via the direct recombination process g iving up its energy by emitting a 
photon in the process; this is called spontaneous em ission  and is a radiative 
recombination process. In Fig. 2.2b the valence band maximum and conduction band 
minimum are not aligned due to being located at d ifferen t k-values, therefore the 
electron is required to make the transition via a double-step process including a phonon 
(a vibrational lattice quasi-particle) absorption or emission. Thus, energy and 
m omentum conservation require that the phonon be ac counted for producing a photon 
o f  lower energy and larger wavelength. Because the indirect recom bination process 
involves a phonon as well as a photon and electron, the probability o f a collision 
between all three particles is much lower than a di rect band gap photon-electron 
interaction [31]; therefore the emission intensity is often lower com pared to a direct 
bandgap transition due to equation 2.1 [30].
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hco = E c - E v ± h m ph (2.1)
Where hco is the photon energy, and hcopi, the phonon energy with plus and 
minus indicating emission or absorption, respectively. It is for this reason that 
semiconductor based optoelectronic devices tend to use direct band gap materials, and 
why ZnO has great potential in the field of optoelectronics. Additionally the use of 
nanostructures will provide an increase of electron -hole interaction by several orders of 
magnitude [32] due to their density of states being disparate forming discontinuous 
spikes called van Hove singularities that form at the conduction band minimum and 
valence band maximum. The formation of defects in these materials creates 
inhomogeneities leading to indirect recombination’s yielding a non-radiative 
recombination process heating the semiconductor due to phonon interaction; this is 
problematic and can lead to increased defect growth and eventually failure of the 
device. More importantly for this work such defects in ZnO could lead to unwanted 
spectral changes in emission wavelength and intensi ty [33] leading the device to fail to 
function as a force sensor.
2.4. Mechanical Properties
Typically the average contact pressure hardness (H) and Young’s modulus (E, a 
measure of the elasticity) are obtained as a function of the forces applied and 
penetration o f a plastic indenter; and these properties would be used to describe the 
mechanical properties of a material system. However in the nanoscale regime these 
values obtained from bulk have no significant meani ng and so they’re omitted from 
Table 2.1. This is quite evident from the discrepancies within the literature with values 
of E ranging from 10 - 100 GPa. This is usually due to the various methods and strain 
types (i.e. compressive or tensile) applied to the material system to yield Young’s 
modulus. Ozgur et al. [34] state that for bulk ZnO for a plastic penetration depth of 300 
nm the hardness value is measured to be 5.0 ± 0.1 GPa, while the Young’s modulus 
remains constant over the indenter penetration dept h at 111.2 ± 4.7 GPa.
These values are completely contrasted by those reported in the literature for a 
single nanowire. Since application of an indenter a t the nanoscale is unrealistic (due to 
surface effects), a popular technique used to evalu ate E is by monitoring the oscillatory
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response of a single nanowire subjected to an alternating electrostatic field of known 
frequency under a transmission electron microscope (TEM). The amplitude of the 
response is used to calculate E, and has been reported by Chen et al. [35] to increase 
from 140 to 220 GPa for ZnO nanowires of diameter 120 and 17 nm respectively. Other 
work focuses on atomic force microscopy (AFM, see chapter 6), where Song et al. [36] 
observe a Young’s modulus of 29 ± 8 GPa by compressing a single nanowire between 
an AFM cantilever tip and substrate. Ni et al, [37] use an AFM tip to conduct a three 
point bending of a single nanobelt yielding a Young’s modulus of 38.2 ±1.8 GPa for a 
nanobelt of thickness 50 - 140 nm. Stan et al. [38] use a contact resonance AFM 
technique similar to Chen et al, observing 104 - 19 8 GPa for nanowires ranging from 
25.5 to 134.4 nm in diameter. Several of these methods yield elastic modulus values 
lower than reported for the bulk; which is — 140 GPa in the [0001] direction [35].
2.5. Optical properties of ZnO
The optical properties of the nanowires may change depending on the growth 
conditions used (see chapter 3) before any form of strain has even been applied, 
therefore it is crucial to understand how the optic al properties of ZnO can be observed 
and the data utilised to determine the force exerte d on the nanowire array. 
Photoluminescence (see chapter 4) will be the preli minary technique used to assess the 
optical properties of the ZnO nanowires. Photolumin escence can be used to yield much 
data about the nanowires, such as band gap determin ation, impurity levels and defect 
detection and the overall quality of the material s ystem. It has often been shown that 
altering the stoichiometry of the ZnO lattice, for example by growing the nanowires 
with an Oxygen rich environment leads to additional recombination sites within the 
band gap observed as a strong deep-level green emis sion [39],
It has been reported by Reynolds et al. [40] that this 2.4 eV (—516.60 nm) 
centered green emission is likely derived from a transition from two separate shallow 
donors to a deep acceptor. Flowever for this work th e strong UV emission peak shown 
in Fig. 2.3a-c will be investigated as it is the near band edge (NBE) emission peak and 
represents the band gap of the material. The visibl e broadband emission peak informs to 
the number of defects within the lattice and can be used to determine crystal quality; 
however the literature has shown that for a radius less than 30 nm the luminescent
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properties o f  ZnO nanowires are entirely dom inated by surface pr operties [41]; this will 
be discussed further in chapter 4. See Appendix I for a detailed explanation o f the effect 
o f point defects or acceptor / donor levels within the band-gap on optical properties.
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Figure 2.3. Shows a) UV luminescence spectrum of thin film ZnO at I.8K (-27I°C) with all 
contributions to spectra labeled, from[42], b) a typical photoluminescence spectra taken from a ZnO 
nanowire array created in this work using a 325nm HeCd excitation source and c) an enlargement o f  the 
NBE from b) matching the scale from a) with UV spectrum component dividers for comparison to a). See 
how although the exciton to bound to neutral donors (3.35 - 3.37 eV) dominates at reduced temperature 
when conducted at room temperature there is significant contribution from longitudinal-optical phonon 
interactions.
Fig. 2.3a. shows the luminescence spectra o f thin film Z nO  samples from [39] 
acquired at 1.8 K in liquid helium, where it can be observed tlhat at 3.35 - 3.37 eV 
(-367.91 - 370.10 nm) m ultiple intense lines dominate from exciton bound to neutral 
donor bound (D°X) transitions. However in the present work alll optical experiments 
were conducted at room  tem perature (295 K) w here it has been shown in the literature 
these lower energy longitudinal-optical (LO) phonon (free exciton replica) interactions
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dominate [42]; as confirmed by the photoluminescence spectra in Fig. 2.3b,c. However 
work by Park et al [43] observing the temperature dependence of photoluminescence 
spectra of ZnO nanorods from 10 - 300 K suggest that the main contribution to UV 
emission at room temperature is from decomposition of bound excitons to free excitons 
due to increased thermal energy. In our spectra the longitudinal-optical-phonon replicas 
of these free excitons (FX-1LO) will constitute the majority of our observed near band 
edge UV emission peak. This is very promising when coupled with work by Yan et al.
[44] who explain that the LO photon is very sensitive to both strain and defect 
formation.
Yan et al. [44] find that by subjecting a ZnO nanowire to compressive and 
tensile stresses results in a shift of the phonon p eak to a higher and lower wavenumber, 
respectively. As room temperature photoluminescence is dominated by FX-1LO then 
any changes in the lattice such as defects or strai n will directly correlate to a change in 
peak position that can be easily observed. It shoul d however be noted that Ahn et al.
[45] reported that discrepancies in the behaviour o f  UV emission peak can be related to 
surface defects causing different strengths of exci ton-phonon coupling. This hypothesis 
was supported with an observed 52 meV redshift of U V emission peak position when 
ZnO nanowire diameter was reduced from 230 - 340 nm to 35 - 55 nm. Sub-section 
2.5.2 shall explain crystallographic defects and examine their effect on optical 
properties on ZnO, Teklemichael and McCluskey [46] have reported that contributions 
from surface states have significant effect on the optical properties of ZnO nanowires, 
where they propose two major surface state level that exist just within the donor and 
acceptor levels, yielding a transition of approximately 1,84 eV (673.77 nm). For more 
information and diagrams see Appendix I. This section has discussed some on the 
origins of several emission wavelengths observed wi th photoluminescence, and will be 
built up on in section 4.4.
2.5.1. The effect of strain
The force applied by a cell as it proliferates around the substrate is intended to 
bend the nanowires significantly enough to provide the previously discussed spectral 
shifts in peak position. This section shall further explain the mechanisms that cause 
strain to affect photoluminescence peak position as well investigate whether the major 
cause of the observed peak shift is due to a change in band gap or as previously
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discussed the inclusion of more levels within the band gap. Han et al. [47] use the 
electron beam of a HRTEM to bend and pin a single ZnO nanowire to a carbon coated 
TEM grid, allowing control of the strain applied by careful manipulation of the radius of 
curvature. By using cathodoluminescence they observed a significant broadening and 
red shift of the near band edge UV emission peak compared to an unbent nanowire. 
Reynolds et al. [48] use photoluminescence to observe that band gap increases due to 
compressive strain can be relieved by annealing the sample between 700 -  800° C. 
Zhang et al, [49] calculate that under uniaxial compressive strain ultra-thin ZnO 
nanowires undergo a band gap transition from direct to indirect due to a change in 
crystal structure from regular wurtzite to a more closely-packed hexagonal. This 
transition has also been investigated by Li et al. [50] who used density function theory 
to simulate the transition from direct to indirect, also observing a band gap increase with 
increasing compressive strain. Thus, further supporting that a compressive strain results 
in a blue shift o f wavelength of photoluminescence shown in equation 2.2:
Eg = he/ A (2-2)
Xue et al. [51] use cathodoluminescence and HRTEM on  a bent ZnO nanowire 
to report that the band edge UV emission will blue shift under compressive strain (on 
the inside of the nanowire) and red shift with tensile strain (on the outside of the 
nanowire). They observed the blue and red shift by profiling the cross-section of each 
side of the nanowire independently, obtaining a 40 meV (-1.63 nm) difference between 
compressive and tensile sides. Therefore it could b e argued that the observed peak shifts 
would likely just be observed as a broadening of FW HM of near band edge emission 
peak when looking at the whole nanowire with a less spatially accurate system. 
However their nanowires have a diameter of 100 - 20 0 nm, and it has been reported by 
Xiang et al. [1] that strain will relax along the radial direction of a nanowire where the 
amount of relaxation increases with decreasing nano wire diameter. Therefore larger 
diameter nanowires will see an increased peak shift, but at the cost of additional 
force/mass required to bend/compress the nanowire.
Chapter 2: Optical and Mechanical Properties of Zinc Oxide
2.5.2. Crystallographic defects
It has been explain how defects can affect the emi ssion wavelength o f photons 
that could drastically impair any devices ability to  function correctly for the brief o f this 
work (chapter 1). It is believed it is also fundam ental to have an understanding o f what 
defects are and how they can be created intentional ly via doping to tune the optical 
properties o f this works ZnO nanowires. Fig. 2.4 show s the Z n -0  lattice with several 
different types o f  point defects; however large lattice  defects such as edge, screw and 
threading dislocations are not covered here but an explanation o f donor / acceptor levels 
due to defects and their affect on the band diagram  o f ZnO is covered in Appendix I.
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Figure 2.4. Diagram o f  point defects in ZnO, where uppercase letters represent the current atom or 
vacancy on the lattice site and subscript represent the normal occupation of  the lattice site in a perfect 
crystal, adapted from [52, 53]. Where V Zn is a missing Zn atom, Oz„ and Zn0 are an oxygen antisite atom 
on a zinc site and zinc antisite atom on a oxygen site respectively. D s is a dopant atom on a subtitutional 
site and D| on an interstitial site.
Fig. 2.4. shows a simple 2D example o f a periodic arrangem ent o f  our zinc and 
oxygen atoms with some o f  the more comm on point defects that can occur within the 
crystal lattice labelled using Kroger-Vink n o ta tion . Point defects are where an atom is 
either missing or in an irregular place such as to break the periodicity o f  a perfect 
lattice. An atom may often be located between latti ce sites and is referred to as an 
interstitial and schematically shown in the top le ft o f  the figure as a small purple atom. 
Interstitials are typically small foreign atoms from  outside the lattice (as shown) or they 
can come from similar atoms within the lattice. B ottom  left o f  Fig. 2.4. shows an atom 
m issing from its lattice site and is referred to as a vacancy. Vacancy and interstitial 
defects can have a subtle effect on the electrical and optical properties o f  the material
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system as they disturb not only the perfect geometric arrangement of atoms but also the 
chemical bonds between the atoms resulting in fluctuations of charge [52]. When 
interstitial and vacancy defects are in close proxi mity they are called a Frenkel defect 
because a single non impurity atom creates the inte rstitial and vacancy. Because there is 
no alteration to the total number of atoms a change of charge balance doesn’t have to be 
considered. However the presence of a small quantit y of Frenkel defects within the 
lattice does affect the Gibbs energy of the crystal [54], which can affect the Young’s 
modulus of the material.
Top right of the image shows an antisite defect, which is when the atoms 
exchange position. It has been reported by Lin et al. [55] that antisite defects are one of 
the major contributors to the green band emission seen in the photoluminescence 
spectrum of ZnO, due to creating local recombinatio n sites for indirect transition across 
the band gap. Bottom right shows the case where a f  oreign atom (or impurity) has been 
incorporated into a regular atomic site in the latt ice, and is called a substitutional. As an 
impurity atom will be of a different valancy and have either more of less electrons then 
a charge discrepancy is introduced to the lattice resulting in a charge compensation 
mechanism occurring where by either one of the elem ents is oxidized, reduced or ion 
vacancies created [56], Other more complex defects (dislocations) may also occur in the 
crystal lattice, however this introductory section is here only to show that a crystal 
lattice is never perfect and explain some of the ba sic types of point defects. The effect 
these imperfections have on the optical properties of ZnO will be discussed in further 
detail in chapter 4.
2.6. Summary
We have covered the majority of the most crucial fundamental ZnO nanowire 
theory, its basic properties and proceeded to go into further detail for optical and 
mechanical properties for a better understanding of the results and discussion chapters 
to follow. There has been heavy emphasis on using r esearch results from the literature 
to help explain the properties of ZnO as they represent the scientific community’s most 
recent understandings of the ZnO material system. Any sections that slowed the pace of 
this chapter can be found in Appendix I.
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Chapter 3. Fabrication Methods for Zinc Oxide 
Nanowires
3.1. Introduction
The flurry of recent research in ZnO materials and devices over the last few 
years has been mainly due to the introduction of new  low temperature hydrothermal 
fabrication methods that yield reproducible results. The following chapter will review 
and explore the most recent advances in methods and recipes to fabrication of ZnO 
nanowires using solution based low temperature tech niques, such as chemical, sol-gel 
and hydrothermal synthesis, electro-spinning etc... Early on in the project it was decided 
that in order to combine the intended second harmon ic generation optical bench with a 
typical life sciences inverted optical microscope w ith an incubation chamber (to 
maintain 5 % CO2 and 37 °C -  see chapter 5) setup then all images would have to be 
captured in transmission. Initially research began using furnaces with GaN and Si 
substrates as these were traditionally used to obtain aligned nanowire arrays. However, 
glass cover slips would ideally be required for seamless integration into the protocols, 
equipment and environment of a life sciences labora tory as neither quartz nor sapphire 
(both optically transparent in the wavelengths of interest) could be easily be cut to 
sufficient size to allow at the very least 48-well plates to be used. However, Qin et al. 
[1] reported that the hydrothermal technique could be used to fabricate ZnO nanowires 
on any substrate due to the low temperature (< 90 0 C) of the technique; and so work 
soon began to introduce this technique to Swansea’s laboratory. This chapter will 
therefore concentrate on the hydrothermal synthesis method exploring the effect of the 
variables on obtained ZnO nanowires as the knowledg e will be needed for chapter 7.
3.2. High temperature chemical vapour deposition
At the start of the project much expertise and equipment for use of the Au 
catalyst based high temperature (>1000 °C) Vapour Liquid Solid (VLS) Chemical
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Vapour Deposition (CVD ) technique to fabricate arrays o f  zinc oxide nanowires existed 
within the department. Therefore this was the method used initially until it was decided 
to use glass substrates and the hydrothermal m ethod was adoptedl. How ever before that 
decision substantial tim e and effort was invested refining recipes to fabricate highly 
ordered arrays o f ZnO nanowires on GaN substrates (see Fig. 3.1) using a recipe sim ilar 
to work by M affeis et al. [2]. The following m ethod was used to obtain the well aligned 
ZnO nanowire array in Fig. 3.1. GaN substrates were acetone cleaned then sputter 
coated with a 3 - 5 nm thick Au layer and placed 6  - 8  cm from the middle o f  the 
furnace towards the exhaust. A ceramic boat containing 1:1 weiglht m ixture o f ZnO and 
graphite (source) powders was placed in the m iddle o f the furnace, upstream from the 
substrates. The furnace was set to 1050 °C yielding tem peratures o f  around 1030 °C and 
960 °C for source and substrate respectively, and the tem perature was maintained for up 
to 1 hour under a 50 seem  Ar flow with 2 % O 2 .
Figure 3.1. ZnO nanowire array fabricated using the Au catalyst VLS-CVD technique. Scale bar is 5pm.
The VLS m ethod occurs in 3 stages. Firstly the sputtered Au colloids melt 
form ing liquid droplets on the substrate surface and the source is  vaporised above 907 
°C [3] due to the inclusion o f the graphite that thermally decom poses ZnO form ing CO 
and Zn. The vapour is carried on the 2 % O 2 flow towards the substrates and is 
absorbed, diffusing into the liquid Au droplets until super-saturation o f  ZnO occurs 
whereby nucleation at the phase transition between liquid/solid (droplet/substrate) 
interfaces leads to growth o f ZnO crystal. The VLS m ethod has a substantial growth 
rate, yielding nanowires o f 5 -  10 pm within the hour in this w ork; and also allows 
control o f  nanowire diam eter by altering the Au thickness on the substrate, with greater 
control obtained by using m ono-disperse Au colloids.
Chapter 3: Fabrication Methods for Zinc Oxide Nanowires
While this technique has been shown in the literature [4] to create extremely 
well aligned and high aspect ratio ZnO nanowires, i t could however no longer be used 
when it was concluded that optically transparent substrates would be required for 
confocal microscopy. And thus the project was redirected into application of the 
hydrothermal method to fabricate arrays o f ZnO nano wires on the No. 0 (90 - 130 pm) 
glass cover slips required for subsequent optical and biological phases of the project.
3.3. Low temperature hydrothermal growth methods
The recent renewed interest in ZnO nanomaterials synthesis has stemmed from 
the recent advances in production of p-type ZnO, as reported by Xiang et al. [5] using a 
modified CVD method. However continued research and improvement of low 
temperature growth methods such as electrodeposition, sol-gel, polymer assisted 
growth, and hydrothermal has begun to yield several attempts to produce p-type ZnO 
[6 ]. The increased research activity into low temperature methods is certainly due such 
advances in production o f p-type material, and additionally it is becoming more 
beneficial to avoid high temperature based techniqu es which can be costly and offer no 
support for several lithography based techniques now  that low temperature based 
techniques can fabricate p-type material. Patterning for device fabrication is extremely 
difficult using traditional vapour transport standard lithography techniques due to the 
high temperature required to melt Zn and the low melting temperature of resist. 
However, recently Wei et al. [7] reported that two lasers could be used to create an 
interference pattern to selectively etch a layer of resist to fabricate a mask/template 
allowing control of where ZnO nanostructure formati on occurs using the hydrothermal 
method. A similar method by Xu et al. [8 ] used e-beam lithography to pattern a resist 
layer that sits above the seed layer controlling th e position of the nanowires.
The method described by this work as the ‘hydrothermal’ method is more 
accurately known as the thermal decomposition of hy droxide precursors and was first 
demonstrated by Verges et al. [9] in 1990. There are several growth procedures that fall 
under the hydrothermal tag, which simply explains the field of solution based growth 
rather than the technique, as ‘hydrothermal’ can be ascribed to production via hot water; 
where the main mechanism is simply supersaturation to drive crystal precipitation, 
typically achieved at high pressure and temperature. The generally accepted growth
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mechanism for the majority of aqueous solution routes is the precipitation of ZnO by 
the hydrolysis of Zn salts in a basic solution. For each wet chemical technique it is the
74 -abundance of Zn and the intermediate complexes contained within th at determines the 
fate of the precipitate. It is by controlling the environment of the solution containing the 
Zn2+ that one may control the intermediates formed; where ZnO is obtained by 
dehydration of these intermediates. For example it has been reported by Baruah and 
Dutta [10] that by changing the pH of the growth solution by titrating the solution with 
either HC1 or NaOH that the morphology of the obtained nanostructures can be 
controlled. The reactions governing the growth of nanostructures in aqueous systems 
are generally considered to be in a reversible equi librium, whereby the precipitation of 
ZnO is the systems method to minimise free energy [11].
As discussed in chapter 2, wurtzite ZnO is grown with polar c-axis direction 
(0001) facets that comprise of alternating Zn2+ terminated and O2' terminated surfaces 
[12]. To achieve one-dimensional growth, the surface chemistry between the polar 
(0 0 0 1 ) and non polar ( 10T0 ) (0 1  TO), (T1 0 0 ), (TO 1 0 ), (0 T 1 0 ). ( 1T0 0 ) prism planes (see 
appendix I) needs to be exploited such that the growth rate of these facets may be 
promoted or suppressed to control nanowire morphology. The reason for one­
dimensional preferred growth has been attributed to the different in growth rates of the 
crystal facets by Baomei et al. [13], where they report that the velocities hkil for the 
hydrothermal growth method are such that (0001) > (0110) > (1000). To better 
understand this let’s first explain the growth mechanism. When a ZnO nucleus is first 
formed (or found in the case of seeded substrates) then due to the high energy (caused 
by atomic layer arrangement) of the polar facets, p recursor molecules in the solution are 
preferentially adsorbed onto a polar facet; likely due to the electrostatics of the facets in 
solution [14], The reason for this preferential attachment of new precursor ions is 
simple, energy. Denianets et al. [15] have reported the activation energies of the (0001), 
(0 0 0 T), and (1 0 T 0 ) faces equal to 59 ±3, 6 6  ±3 and 6 8  ±3 kJ/mol respectively; 
indicating that the (0 0 0 1 ) faces can also grow at somewhat lower critical supersaturation 
than the {1 0 T0 } and (0 0 0 T) faces. This however leads to a polarity change as once the 
layer is completely filled the facet will have inve rted polarity due to a Zn2+ terminated 
surface becoming a O2’ terminated one. Again this, provides a high energy surface for 
the other precursor molecules to adsorb to, with the process repeating yielding an 
accelerated c-axis [0001] direction growth rate [16], This process is repeated until the 
non-polar facets are revealed. Therefore the key to control of this process is to control
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the supply of precursors within the solution. Altho ugh the mechanism of nucleation and 
crystal growth within a supersaturated solution is not yet fully understood, it is 
generally believed that high precursor super saturation of the solution yields improved 
nucleation, whereas low super saturation favour crystal growth [17],
This is because a precipitate forms when a solute exceeds its solubility in an 
aqueous solution [18]. The formation of a precipitate involves supersaturation of the 
solution, nucleation, and then finally growth. Wher e a supersaturated solution contains 
more dissolved solute than would be possible under equilibrium conditions. The 
supersaturation level of the solution is important in hydrothermal growth as it can 
determine if the majority of growth is heterogeneou s (i.e. grown on a surface, such as 
the nanowire arrays) or homogenous (i.e. grown in solution, such as colloids). 
Supersaturation is commonly defined as the ratio between the solute concentration in a 
supersaturated solution (C) and a solution at equil ibrium conditions (Ccq), and therefore 
can be simply be written as [19].
s = C/C„ ,3.„
It has been reported by Go vender et al. [20] that homogenous nucleation 
dominates in supersaturated solutions. This can be explained using equation 3.1, as for 
salts (Ceq typically of 0 .1  to 1 kmol m ’3), precipitation (i.e. homogenous nucleation) 
requires a much higher degree of supersaturation (S ~ 1000) [21] compared with only 
0.01 to 0,20 for crystallisation. However, a supersaturated solution will not 
spontaneously convert to form a solid, unless the s olution is highly supersaturated and 
crystal nuclei are needed to begin crystal formatio n. Homogeneous nucleation can occur 
because ions present in the solution interact and c ollide due to constant motion resulting 
in formation of clusters that become a crystal nucl eus; however precipitation can only 
proceed if S > 1. Therefore it becomes beneficial to  provide nucleation sites, typically 
by coating a substrate with crystals of the same el ement(s) that are to be grown, to seed 
the growth providing a template from which to grow.
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3.4. Importance of ZnO thin film ‘Seed Layers’
It is well supported in the literature that ZnO seed layer properties affect the 
subsequent growth o f ZnO nanowires using the hydrotherm al growth technique, 
whether due to seed layer thickness [22], grain size [23] or surface roughness [24]. It 
was even shown in this work that ZnO nanowire growth rate w as significantly affected 
by ZnO seed layers with different roughness and grain size; with the growth rate 
decreasing with increasing roughness [25]. As with all chemical deposition via aqueous 
solution based techniques the growth o f  wurtzite ZnO on any substrate requires the 
initial step o f  heterogeneous nucleation. Therefore a seed layer is; required to be coated 
onto the substrate to provide a point o f nucleation to start deposition o f ZnO, and it is 
the properties o f  this layer that can affect the final morphology o f ithe ZnO nanowires.
Deposition o f ZnO using 
^  e ither Spin Coating or PVD
H
| Substrate coated w ith  ZnO
(c jN  ZnO Nanowires on Substrate
m
Depleted Precursor Solution
Figure 3.2. Diagram showing the steps o f  the hydrothermal growth process, where a) the substrate is 
coated in ZnO grains using spin coating or a ZnO film using PVD, b) ZnO coated substrate is flipped 
upside down and floated on surface of  precursor solution, c) ZnO nanowires have been created as well as 
colloids due to homogenous nucleation which led to depletion of  precursors and d) SEM o f  final product. 
Scale bar 2 pm.
It is well accepted that careful fabrication o f the seed layter is key to obtaining 
reproducible growth. Many groups have created a seed layer by applying a solution o f 
ZnO nano-particles to the substrate and allowing them to air dry [26], [27]. Greene et al.
[28] use therm ogravim etry (TG) and differential thermal analysis (DTA) to observe that 
at tem peratures exceeding 337 °C zinc acetate dihydrate will have fully therm ally
Substrate w ith  Seed Laver
In Precursor Solution (at 90 °C)
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decomposed into ZnO; providing an easier route to ZnO nanoparticle derived seed 
layers than using the older Bahenmen et al. method to fabricate colloidal ZnO [29], 
Cross et al. [30] deposit their seed layer using an RF magnetron sputtering system, this 
technique has the advantage creating uniform thin films without requiring the substrate 
to be heated. In this work two methods were used, spin coating and physical vapour 
deposition to create a coating of ZnO grains on the surface of the substrate, used as the 
template for growth and initiation of heterogeneous nucleation in the solution. The seed 
particles are nucleation centres for the nanowires and they undergo Ostwald ripening 
during the initial stages of growth. This accounts for the fact that the nano wires are 
much wider than the seed crystals. The solubility o f  small crystals as a function of size 
is given by the Ostwald- Freundlich equation:
where c is the solubility, Co the bulk solubility, r is the crystal size, y is the surface 
free energy, V the molecular volume, k the Boltzmann constant and T the absolute 
temperature. Equation 3.2 shows that the solubility increases with decreasing size, 
therefore, the smaller seed crystals tend to dissolve and deposit on larger particles. 
Where they combine together to reduce interfacial free energy [31]. It follows that 
larger seed layer grains have a higher supersaturat ion and a higher initial growth rate, 
giving them a greater likelihood of developing into nanowires [23]. According to C. Xu 
et al. [23] this is the main mechanism controlling nanowire density and therefore seed 
layer properties and their effect on nanowire morphology will be extensively 
investigated in section 7,5, The seed layer is vitally important as it lowers the interfacial 
energy and therefore the nucleation barrier between ZnO nuclei and the substrate. Also 
it has been reported by Qui et al. [32] that the inclusion of a seed layer can promote 
oriented growth of the nanowires on the substrate v ia an epitaxial growth mechanism, 
provided that the seed layer itself is of good qual ity.
Given the importance of the ZnO seed layer for hydrothermal growth as the 
starting point of heterogeneous nucleation, the following is a selection of current 
hypotheses of the seed layers involvement in final nanowire morphology, Ji et al. [22] 
report that the morphology of ZnO nanowires strongl y depends on the thickness of their
jV
(3.2)
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RF magnetron sputtered ZnO seed layers. They observe an increase in nanowire 
diameter from 50 to 130 nm as well as a decrease in density from 110 to 60 pm ' 2 while 
the seed layer thickness is varied from 20 to 1000 nm. Similar to the results observed in 
Fig. 7.20, (p. 149) C. Xu et al, [23] suggest that larger seed layer grains would have a 
higher supersaturation and a higher initial growth rate, giving them a greater likelihood 
of developing into nanowires, therefore directly controlling final nanowire array 
density. Also, Y. Lee et al, [24] report that vertical alignment appears most prominent 
on thicker seed layers due to the increased density, This literature ties in well to work 
by G. Kenanakis et al. [33] who observe that seed layer grain size increases with 
increasing film thickness; likely due to the additional time atoms have to coalesce. 
Therefore it could be rashly concluded that thicker seed layer lead to better alignment 
due to grain size controlling initial nanowire morp hology mechanism.
It should be noted that the time between making the precursor solution and 
adding the seed layer covered substrate in Fig. 3.2b. has a significant effect on the final 
morphology of the nanowires. It has been reported by  Govender et al. [20] that the size 
of the crystallites comprising films depends largel y on when the ZnO seed layer covered 
substrate is immersed in the water bath. If the substrate is added before the solution 
reaches set temperature the seed layer will dissolv e and no nanowires will form. If it is 
added when the solution reaches set point (90 °C) then no homogeneous precipitation 
occurs and a dense array of long nanowires is obtai ned. However, if the sample is 
placed in the solution > 3 0  minutes after 90 °C is reached then a sparsely populated 
array of short nanowires is obtained as homogeneous precipitation of ZnO colloids has 
exhausted the solution. Therefore in this work care was always taken to preheat 90 % of 
the de-ionised water while the other 1 0  % was used to dissolve the chemicals, this way 
the solution (after a quick 1 -  2  minute stir) and substrate were added to the bath 
together; allowing every experiment to have the worked precursor concentration rather 
than an exhausted one. However even the 1 -  2 minutes given to stir 100 % of the 
solution at the derived 81.3 °C temperature after mixture would have been sufficient 
enough time for formation of ZnO crystal nuclei before the substrate is added [32] 
yielding faster crystal growth. The specifics of each seed layer coating method will be 
discussed next.
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3.4.1. Spin Coating Seed Layers
The 0.1 M seed solution was created by dissolving 2.195 g of zinc acetate 
dihydrate [C^C^ZnZOFLO)] (zinc acetate) in 1 0 0  ml of ethanol at room temperature 
and stirring for 30 minutes (at 60 °C) followed by 30 minutes in sonic bath. The 
substrates were sonicated in acetone, ethanol, isopropanol and de-ionised water for 10  
minutes each, and subsequently nitrogen dried and placed on a hotplate in air at 165 °C 
for 10 minutes to remove absorbed moisture. Solvent cleaned substrates were further 
cleaned by oxygen plasma (Emitech K1050X Plasma Asher) at 80 Watts with 30 
mm3/s oxygen flow rate for 15 minutes to remove any re maining hydrocarbons from the 
substrates, then placed on a hotplate in air at 165 °C to maintain temperature. Hot 
substrates were individually placed on the spin coater (GME PRS14e) and 10 pi of seed 
solution added with a (Gilson) micro pipette to the substrate before subsequent spinning 
at 3000 rpm for 30 seconds. Once finished the substrate is immediately put back on the 
hotplate to maintain temperature, as the process is repeated again. This can be done 
multiple times, but only twice per substrate in thi s work. When the final spin coat is 
completed the substrates with zinc acetate films we re annealed on a hotplate in ambient 
air at 360 °C for 15 minutes to form ZnO crystals with preferential crystallographic 
orientation to (002) as reported by Ohyama et al. [ 34].
However, due to the spinning of the substrate and the solution being forced away 
from the centre the layer was heterogeneous in nature, yielding a non monodisperse 
distribution of nanowire morphology across the substrate as the hydrothermal growth 
method is seed layer sensitive [28]. This ‘crowning effect’ can be minimised by careful 
investigation of substrate surface hydrophobicity and choosing solvents of different 
viscosity. More importantly the spin coating method is very sensitive and can be quite 
difficult to reproduce, even subtle changes in the environment can affect seed layer 
formation. For example, Lee et al. [24] report significant changes in nanowire 
morphology using seed layers spin coated at different relative humidity. Also Yamabi et 
al. [35] have observed changes in ZnO nanowire array density grown on different 
substrates. Greene et al. report that the texture o f  acetate derived seed layers is likely not 
due to ZnO-substrate interaction. It could therefore be concluded that the driving force 
behind the observed differences between substrates of different materials is likely due to 
hydrophobicity determining the thickness of the see d layer. It is well established that 
seed layer thickness plays an important role in determining final ZnO nanowire 
morphology [33], and has been observed in this work also, see sub-section 7.5.2. Use of
Chapter 3: Fabrication Methods for Zinc Oxide Nanowires
non-solution based seed layer deposition techniques would avoid such issues with 
substrate properties, and therefore Physical Vapour Deposition (PVD) was an 
investigated replacement,
3.4.2. PVD Seed Layers
The literature shows that sputter deposition has received much interest for 
fabrication of ZnO thin films in recent years due to  its advantages over other techniques, 
such as low substrate temperatures (down to ambient), good film adhesion (spin coating 
would often peel if substrates were not cleaned correctly, see Fig. 7.18.), and good 
uniformity of thickness and density. Sputter deposition is a PVD technique whereby 
plasma is formed and used to bombard a target ejecting material towards a substrate. 
Modem PVD systems use magnetrons that create strong electro-magnetic fields that are 
used to confine plasma ions to the immediate area around the target, improving 
deposition rate as more target material is ejected. The chamber gas(es) are typically 
inert but can be carefully selected to react with sputtered material. Investigation of the 
gas pressure is crucial to fabrication of high qual ity ZnO thin films using any PVD 
system. This is because at higher gas pressures the increased concentration o f gas atoms 
reduces the mean free path of the sputtered ions, reducing their energy and therefore 
altering the way they interact with the substrate. This has been shown in the literature, 
where Zhu et al. [36] have reported that a reduction of chamber pressure yields 
improved crystalline quality due to increased kinetic energy of particles resulting in 
high surface mobility.
Fig. 3.3. shows the working principle of the sputtering method adopted in this 
work to create ZnO thin films of uniform thickness. PVD is essentially the formation of 
an inert plasma which is used to bombard our target ejecting atoms to be deposited. The 
plasma is formed from the argon gas introduced to the chamber by use of an electric 
field applied between the target and substrate. The field ionises the argon atoms creating 
cations (positively charged ions) that are subseque ntly accelerated towards the cathode 
(negatively charged target), ejecting target atoms and electrons. The ejected atoms often 
adhere to the substrate and if  conditions are favou rable they will coalesce to form a thin 
film. Meanwhile the ejected electrons are restraine d by the magnetic field created by the 
magnetron, increasing the ionisation rate of argon due to the reduced mean free path 
within the field; therefore increasing the ejection/deposition rate.
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Figure 3.3. Diagram o f  PVD chamber showing the many components o f  the sputtering process, with 
photograph showing inside deposition chamber o f  Kurt Lesker 75 during operation for comparison.
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It is well established that the alignment o f the nanowires greatly  depends on the 
crystalline quality and preferred orientation o f  the ZnO thin film tlhey grow upon, where 
subtle changes in sputtering param eters can greatly influence tfinal morphology and 
alignment o f  both the seed layer and nanowires. The Thornton model [37] (see Fig. 3.4.) 
is a well established method to determine the microstructure o f  sputtered thin films 
based on argon pressure and substrate temperature. In this work it was decided not to 
heat the substrate to avoid softening o f  the 80 -1 3 0  pm thick glass cover slip substrates. 
Given our inability to heat the substrates then by consulting the Thornton model using 
the values below would suggest our films to be o f porous nature with unorganized 
crystallites yielding rough surfaces [38]. This is likely due to energy being insufficient 
for deposited atoms to coalesce before the next layer has been deposited meaning that 
any slight m orphology on the substrate would be highly influential on the resulting seed 
layer.
However work by Bin et al. [39] has shown that addition o f oxygen to the 
chamber can com pensate for the lack o f  substrate heating, dropping growth rate but 
improving c-axis orientation o f the thin film deposited. Interestingly it has been shown 
by Lee et al. [40] that the ZnO thin film preferred crystallographic orientation and grain 
size is dependent on film thickness; this is supported in sub sectiion 7.5.1. They report 
that generally films with thicknesses less than 0.5 pm have a colum nar structures where
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the c-axis is well orientated normal to the substrate surface; how ever, as thickness was 
increased the intensity o f (002) decreased compared to o ther peaks. The c-axis 
orientation is often observed in sputtered polycrystalline films even on a glass substrate, 
and it is often the preferred orientation, likely due to the c-plane o f  ZnO crystallites 
being the most densely packed (see Fig. 7.48a. p. 185).
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Figure 3.4. The Thornton structure model showing changes in thin film morphology with respect to 
Argon pressure and substrate temperature, adapted from [38], T and Tm are substrate and melting 
temperatures, respectively.
In this work a Kurt Lesker 75 PVD system was used to deposit ZnO seed layers 
on any substrate. It has been reported by Yoshino et al. [41] that the orientation o f  ZnO 
films was disordered when the substrate surface was rough. They investigated the effect 
o f substrate material system on sputtered ZnO films using Al, Au, Ni, Cu and glass 
substrates; showing that ZnO films on glass, Au and Al had good c axis orientation. A 
ZnO target (99.99 %) was used in the system to deposit 10 - 50 nm thick layers o f  ZnO 
on many different substrates 16 cm away, operating with a typical vacuum  pressure o f  < 
1x10° Torr. Deposition was done at room tem perature with an R F  sputtering power o f 
70 W at 13.56 M Hz in a 90 % argon to 10 % oxygen atm osphere with a gas flow rate 
such that the sputtering pressure was typically < 2x10° Torr. For T / Tm in Fig. 3.4, T 
and Tm are substrate and melting tem peratures, respectively.
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The temperature of Swansea’s class 1000 clean room is maintained at 21 °C 
which can be approximated to 300 K, and the melting temperature of ZnO is 1975 °C 
(see Table 2,1) which can be approximated to 2300 K ; therefore T/Tm = 0.13. This 
value when combined with the chamber pressure typic ally used above allows the blue 
region shown in Fig. 3.4. to be established. According to the Thornton structure zone 
model, the parameters used in this work will yield seed layers consisting of crystallites 
and voids. However it has been shown by Zhang et a l . [42] that a significant increase in 
film crystallinity can be obtained by increasing th e O2 / Ar gas ratio during sputtering 
due to a decrease in sputtering rate. This is furth er supported by R. Ondo-Ndong et al. 
[43] who report a decrease of the FWHM of the XRD obtained (002) peak from 0,73 to 
0.32 with the addition of 10 % oxygen. For XRD spectra, a reduction in FWHM or 
increase in intensity of a single peak means the peak orientation is preferred and 
therefore the sample is of high crystal quality.
This crystal quality improvement is due to the method of thin film formation via 
sputtering, which typically occurs in the following fashion. Single atoms of the ejected 
material nucleate on the substrate surface, and if energy for atom migration is 
sufficiently large enough to coalesce with other at oms, small islands will form. Because 
the energy needed to evaporate a single atom is considerably less than for a pair of 
atoms, the growth of island dominates, and a thin film  begins to form. This process is 
extremely substrate temperature sensitive as additi onal thermal energy with allow atoms 
to coalesce more rapidly. It has been shown by Y, J . Kim et al, [44] that an increase of 
energy due to use of higher substrate temperatures (typically exceeding 300 °C) will 
result in breaking of the Zn-0 bond and subsequent re-evaporation of the deposited thin 
film instead of allowing atoms to move to stable sites. Therefore if the ejected material 
is deposited at room temperature the condensed atoms do not have enough kinetic 
energy and therefore mobility to move across atomic steps to fill positions of a lower 
potential energy; thus creating voids and imperfections in the thin film, G. Kumar et al. 
[45] profiled the effect of substrate temperature 0  n the grain size and orientation of ZnO 
thin films using RF magnetron sputtering. They observed an increase in grain size from 
11,72 to 48.52 nm for 100 to 300 °C, respectively. However, their XRD analysis 
showed preferential (002) c-axis alignment for all samples. Therefore, as it has been 
reported by G. Kenanakis et al. [33] that seed layer grain size determines ZnO nanowire 
diameter, then deposition of ZnO thin films at room temperature would likely yield 
higher aspect ratio nanowires more applicable for this work. It has been shown that it is
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often reported in the literature that ZnO nanowire morphology is affected by the 
properties of the seed layer. The effects of seed 1 ayer thickness and roughness will be 
extensively covered in the results section 7.5.
3.5. Hydrothermal Growth of ZnO Nanowires
In this work ZnO nanostructures were grown hydrothe rmally by thermal 
decomposition of hexamethylenetetramine (HMTA), and the following pages will 
explain the method in great detail, HMTA [C 6N4H 12] and zinc nitrate [Zn(N0 3 )2] are the 
commonly used chemicals in the literature for hydrothermal growth of ZnO crystals. 
ZnO is formed as Zn(N0 3 ) 2  provides a source o f Zn2+ ions, while the solution [H2O] 
provides O2" ions. The role that HMTA plays during crystal growth is still hotly debated 
in the literature. However, it is generally accepte d that it is an ammonia (NH3) source, 
because at elevated temperature HMTA slowly decompo ses releasing ammonia that is 
hydrolysed creating hydroxyl ions (OH') that react with the Zn2+ ion [46], Yamabi et al, 
[47] have suggested that HMTA may function locally, by decomposing during the 
reaction and increasing pH above 9 at the crystal surface. Greene et al. [48] have
1
suggested that HMTA may improve nanowire aspect ratio by coordinating with Zn in 
solution keeping free zinc ion concentration low. This is because dehydration of the zinc 
hydroxide intermediates governs ZnO growth, therefo re the kinetics of the reaction may 
very well be dependent on the release rate of the h ydroxide.
HMTA is often reported in the literature to assist in determining the morphology 
of the nanostructures in ways other than supply of hydroxide ions. It has been reported 
many times in the literature that HMTA functions as a capping (or chelating) agent on 
the non-polar facets of the ZnO crystal, impeding attachment of precursor species and 
therefore promoting growth along the c-axis in the [0001] direction. It is for this reason 
that if the crystal growth rate is too rapid the nanowires form with hexagonal prism like 
end structures. It has been shown by Sugunan et al. [49] that HMTA inhibits growth in 
planes other than (0 0 0 1 ) due to being a chelating agent that attaches to the non-polar 
facets/sides of the nanowires blocking access to Zn2+ ions promoting (0001) growth. 
Conversely, it has been proposed by McPeak et al. [50] to be unlikely that HMTA 
functions as a capping agent as they obtained simil ar morphology without the presence 
of HMTA, by using in situ attenuated total reflection Fourier transform infrared
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spectroscopy to determine that no HMTA is absorbed onto the surface of ZnO from 
solution. While the role of HMTA is often debated, it is well accepted by the ZnO 
research community that it behaves as a chelating o r capping agent, blocking the non 
polar facets on the ZnO crystal, inhibiting lateral growth by modification of surface free 
energy so that axial growth dominates. There has also been work on other capping 
agents, such as sodium dodecyl sulphate, ethylenedi amine, and polythylenimine (PEI) 
which work in a similar fashion to HMTA, in which a non-polar molecule attaches to 
the non-polar facets locally impeding reactions. Co nversely, other capping agents exist 
that inhibit axial growth promoting lateral growth; such as sodium citrate [51], PEI, an 
organic surfactant is also used in microbiology as a cell adhesive coating for plastic 
substrates [52]. It works the same as HMTA by preferential adsorption onto specific 
crystal facets and subsequent modification of surface free energy. Law and Green [53] 
have obtained nanowires of great aspect ratio using PEI and this was replicated in this 
work, See Appendix III.
3.5.1. Thermal Decomposition of HMTA
Though many variations o f the reaction exist, the following reaction order is 
generally excepted in the literature [54]:
C6Hl2N4 + 6 H20 ------>4 NH3 + 6 CH20 (3.3)
NH, + H 20< >NH^ +OH~ (3.4)
(3.5)
(3.6)
(3.7)
(3.8)
As already discussed HMTA is vitally important as it provides a constant source 
of hydroxyl ions and is an ammonia source, now the specific chemistry shall be
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discussed. It is commonly accepted in the literature that HTMA [C6H12N4] is a buffer, 
readily hydrolysing in water to gradually produce f  ormaldehyde [CH2O] and ammonia 
[NH3], as shown in Equation (3.3). Under increased temperature the ammonia is 
hydrolysed creating hydroxyl ions [O H '] via the intermediate production of ammonium 
hydroxide [NH 4 OH] base upon decomposition, as shown in Equation (3.4). The slow 
release of Ammonia is crucial to the successful deposition of ZnO, as if the HMTA 
were to simply hydrolyse spontaneously producing a very large quantity of hydroxyl 
ions then the nutrient supply would be consumed qui ckly prohibiting the growth of well 
orientated ZnO nano wires. It is often considered in the literature that HMTA buffer 
decomposition rate is independent of the reaction that produces ZnO [55].
Equation (3.4) has skipped the formation of the ammonium hydroxide 
intermediate, showing instead the ammonium and hydr oxyl ions. It should be noted that 
an increase in solution temperature will cause the reaction to shift towards the direction 
in which heat is absorbed, in this case dissociation of the complex as per Le Chatelier’s 
principle [56] which states “When a constraint is applied to a system in equilibrium the 
system adjusts itself so as to nullify the effects o f  this constraint. ” Therefore, an increase 
of the solution temperature provides more energy to break bonds allowing more of the 
complex intermediate to be dissociated into ions. F rom the literature it can be seen that 
the ammonia produced must be essential for two diff erent tasks. Thermal decomposition 
of HTMA yields the necessary environment for the formation of Zn(OH)2, the zinc 
hydroxide intermediate, as Equations 3.5-7 show. Zn(OH )2 has been extensively 
reported in the literature to dehydrate into ZnO wh en heated via traditional oven, water 
bath or even microwave [57], Equation 3.5. shows the zinc nitrate salt dissolving in 
water due to its weak ionic bonds.
All reactions (other than dissolution of zinc nitrate) are actually in equilibrium and 
can therefore be adjusted by changing reaction vari ables, such as solution temperature 
and concentration, driving the reaction forwards or backwards, according to Le 
Chatelier’s principle. Reaction variables will be extensively investigated in chapter 7. 
The constant release of hydroxyl ions yields an increase in solution pH, as well as 
improvement to the nucleation and growth rate of Zn O crystals by means o f a growth- 
dissolution-recrystallization process as reported by Govender et al. [20]. Hsu et al. [58] 
report their 20 mM equimolar Zinc Nitrate / HMTA solution to initially be pH 6.7 at 60 
°C. This is in good agreement with the 25 mM soluti on used in this work, which was 
initially pH 6.81 at 90 °C, where the difference is due to solution temperature and
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concentration. It has been reported by Wang et al. [59] that both Zn(NH3)42+ and 
Zn(OH)2 may coexist in the solution, but that this is unli kely due to Zn(OH)2  having a 
higher stability constant than Zn(NH 3)42+. This means that Zn(OH)2  is more likely to be 
formed than Zn(NH3)42+, which will simply break down to form Zn(OH)2  as shown in 
Equations 3.6 and 3.7. Now that the mechanism of chemical bath deposition (or 
hydrothermal growth) has been covered the fundament als required to better understand 
each step will be discussed.
3.5.2. Importance of Solution pH
It is often shown in the literature that the hydrothermal growth of ZnO 
nanowires should be conducted in highly basic solution, pH 10 -  13. However, when 
pH was examined in this work no benefits could be found between growth in basic 
solutions and pH 6.81. sodium hydroxide was added to the solution dropwise till the 
optimum pH of 10.6 was achieved, as Song et al. [60] had reported this yields the 
highest aspect ratio nanowires; though in this work use of solutions at pH 10.6 often 
resulted in no nanowires being formed at all. This was likely due to poor refinement of 
the recipe, as growth in basic solution was attempt ed very early on in this work before 
concentration ratio had been investigated, as Kawano and Imai [61] suggest an non 
equimolar split between the precursors to yield Ion ger nanowires. It was reported by 
Verges et al. [9] in the beginning of the hydrothermal methods life that basic conditions 
are crucial for crystal growth as divalent metal ions do not easily hydrolyse in acidic 
solution. However, it has been suggested by Greene et al. [48] that for growth at pH < 9, 
an additive such as HMTA decomposing during the reaction may actually locally 
increase the pH to above 9 at the crystal surface. Additionally, Govender et al. [20] has 
suggested that adsorption of ions from solution to substrate may simply arise due to 
electrostatic attraction of species on the charged surface of ZnO, and Joo et al. [14] have 
shown that this attraction is pH sensitive due to amphoteric surface hydroxyl groups.
3.6. Fundamentals of Chemical Bath Deposition
But what does this mean, and how does conducting th e chemical deposition at 
pH 6.81 affect the interaction of particles, growth kinetics and ultimately the chemistry 
of the solution? The following section will explain these fundamentals in further detail
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by exploring texts by W. Hinds [62], G. Hodes [18], G. Muller [63], K. Sangwal [64], S. 
Stoker [65], A. West [56] and S. Zumdahl [6 6 ].
3.6.1. Solution pH
In most chemical bath depositions it is best for th e pH to remain steady at the 
desired value, this is because it has been shown by Joo et al. [67] that the electrostatics 
of polar and non polar facets of ZnO are pH sensiti ve. Therefore, a buffer is required to 
maintain the desired pH. G. Hodes [18] has written about the chemistry of chemical 
bath deposition in substantial detail, and gives the following example of using 
ammonium salt as a buffer (used to stabilise solution pH), where the equilibrium of 
ammonia in water is given by Equation 3.4. The solution becomes basic (> 7) as 
hydroxide ions are formed when ammonia dissolves in water. pH can be calculated from 
the equilibrium constant, (K) which is a number that characterises the relationship 
between concentrations of precursors and products i n a system in equilibrium. Using a 
hypothetical chemical reaction (equation 3.9a) the equilibrium constant expression is 
(equation 3.9b) [65]:
IA +  2 B<------>3 C + AD (3.9a)
=[c J[d Y/[a ]'[b ¥  (3.9b)
Where letters A and B are precursors, C and D are products, and numbers are their 
coefficients. Also, square brackets mean the concentrations are expressed in terms of 
molarity. For example, the equilibrium expression for equation 3.4. would be [18]:
= 1 = 1.8  X1 O' 5 at 25 °C (3-10)
[AW,]
Note that the concentrations of pure liquids (water) and pure solids, which are 
constants are never included in an equilibrium expression [65], hence the absence of 
H2O from Equation 3.10. The pH can now be calculated as long as the concentrations 
are known. For example, a 1 M solution of ammonia ( [NH 3 ] = 1) would yield pH 11.62,
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as equation 3.4 shows N H /a n d  OH’concentrations are equal then [OH'] is found to be 
4.2 xlO’3 M; and the ion product of water is [H+][OH’] = 10’14 at 25 °C. If 0.1 M N H / 
(as NH4CI) were added to the solution then the [OH ’] value would drop and pH would 
become 10.25, conversely if acid were added then hydrogen ions would be consumed 
via conversion of NH 3 to N H / as per equation 3.4. This buffering action requires a 
slight base or acid to function, hence most hydrothermal growth techniques in the 
literature are operated in weak base or acid along with its salt. However, we have shown 
that the addition of ammonium ions (example via add ition of NH4CI) also decreases 
solution pH, therefore allowing the processes to op erate a normal solution pH [18].
3.6.2. Crystal Growth Rate
Crystallisation rate (equation 3.11) can be expressed as the product of four 
terms, length, frequency, structure of the (solution-crystal) interface and the free energy 
difference between the solution and crystal phases; where the density of atoms between 
the two phases plays a significant role in the interface [63].
v = av+fu (3.11)
Where a is the atomic diameter of the growth unit, v + is the rate o f atom 
attachment to active growth sites on the crystal surface, /  is the amount of active 
interface sites and w* determines the rate at which atoms join and leave the crystal 
according to :
uk = 1 -  exp
v
AG
kT J
(3.12)
Where AG is the local free energy difference between the solution and crystal 
phases, k is Boltzmann's constant, and T is the temperature. When a new crystal layer 
attempts to nucleate on the surface there is a kinetic barrier to overcome, G. Muller 
applies nucleation theory to the formation of new layers yielding equation 3.13. for the 
nucleation rate I [63].
I - 10 exp
T * \
AT
(3.13)
y
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Where T* depends on edge free energy of surface steps, and AT shows 
undercooling, On a smooth crystal surface, the dens ity of active growth sites, /  in (from 
equation 3.11.) changes with amount of growth sites provided by the nucleation process. 
However, nucleation rate is not necessarily proportional to crystal growth rate and 
several other models (other than equation 3.11) have been reported to explain crystal 
growth rate. The Lifshitz-Slyozov-Wagner (LSW) model is more commonly used to 
determine crystal growth (equation 3.14), though it does have its limitations.
r" - r 0” =  kt (3.i4)
Where r is crystal radius at time t, ro is radius at time = 0, and k is the growth 
rate constant; n is a parameter describing the growth mechanism. For example, n = 2 is 
growth under interfacial reaction control and n = 3 is growth under diffusion control 
[17], Ashfold et al. [55] have conducted Atomic Absorbance Spectroscopy (AAS, 
technique used to determine concentration of elemen ts and compounds in solutions) and 
pH investigation in situ and found that while the Z n2+ concentration steadily decreases 
over 9 hours the pH only changes for the first 2,5 hours. They postulate that this is due 
to the removal of the zinc hydroxide intermediate, which becomes thermodynamically
9 4 -unstable and dissolves at lower Zn concentrations. This is because after adding zinc 
nitrate to their solution, pH decreased from 5.66 to  4.51 then returned back to 5.64 after 
2.5 hours and remained constant thereafter, indicating that HMTA was a buffer. 
Comparing measured and calculated concentration indicated crystal growth was due to 
precipitation, where Zn(OH)2  was an intermediate compound which was used to form 
nanowires due to thermodynamic breakdown into constitute components [17],
It has been shown by Wong et al. [6 8 ] who further explores LSW theory that 
mass transport or interface reactions are the rate limiting elements, where species at the 
solution-crystal interface are distributed depending on the local concentration of the 
crystal (solid phase). Concentration gradients exist across the solution-crystal interface 
leading to transport of species from high to low concentration regions via capillary 
forces. These forces promote growth of larger particles at the expense of smaller ones,
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and the concentration of a given species in solutio n at equilibrium with a spherical solid 
particle is yielded from the Gibbs-Thomson equation [6 8 ]:
Cr = CK exp 2 yvm l
 ^ RT r
\
(3.15)
Where Cr is the concentration for particles of radius r, C « is the concentration 
of flat surfaces, y is the interfacial energy, V m is the molar volume of solid phase, R is 
the gas constant, and T is the temperature.
As reported by W. Hinds [62], Raoult’s Law dictates that the presence of a 
dissolved salt in water reduces the equilibrium vap our pressure above the water surface, 
commonly known as the ‘Solute Effect’. Since crystal growth / precipitation are 
solubility-related processes, where a solid crystal or precipitate forms when a solute 
exceeds its solubility in the solution; then the ‘S olute Effect’ is an important one for the 
hydrothermal growth technique. As well as species concentration the likelihood of a 
particle being involved in crystal growth can be derived using Raoult’s Law, as 
inequality between precursor vapour pressures leads to a positive or negative change in 
solution vapour pressure [69]. This theorem says that a solution comprised of mainly 
soluble nuclei will begin the reaction / deposition process at a much lower 
supersaturation than a solution primarily containing insoluble nuclei [62]; controlling 
how saturation ratio and particle size interact.
It is hopefully already quite apparent to the reader that several approaches to 
growth kinetics and nucleation theory exist in the literature. Due to the large variations s 
in growth kinetics and crystallisation models this work will never attempt to calculate 
the supersaturation ratio, species concentration, c rystal growth rate, nucleation rate or 
solubility product. Readers wishing to find such information should read texts by W. 
Hinds [62], G. Hodes [18], G. Muller [63], K. Sangwal [64], S. Stoker [65], A. West 
[56] and S. Zumdahl [6 6 ].
3.7. Summary
This chapter has introduced the reader to a compilation of ideas and hypotheses 
regarding the mechanisms behind hydrothermal growth of ZnO nanowires. Where it has
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been explained previously that this fabrication met hod became the focus of research to 
facilitate the application of ZnO nanowire arrays o n glass substrates that are unable to 
withstand the high temperatures of furnace based techniques. The reason for 
supersaturating the solution for precipitation of ZnO has been covered. The basic 
chemical processes during hydrothermal growth have been discussed, even though these 
are often hotly debated and vary in the literature; and the fundamental chemistry of 
chemical bath deposition and growth kinetics has been included for those readers 
interested. The information given in this chapter shall be sufficient for better 
understanding of concepts and the authors’ hypothes es in chapter 7.
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Chapter 4. Characterization of Zinc Oxide 
Nanowires
4.1. Introduction
This chapter will introduce and explain the fundamental science and operational 
techniques employed for all equipment used in characterization of Zinc Oxide nanowire 
arrays in this work. This chapter will primarily focus on main equipment used to 
characterize the nanowires. Scanning Electron Micro scopy (SEM) was used to measure 
nanowire size, distribution and alignment, X-ray Microanalysis (EDX) was used to 
confirm stoichiometry o f the nanowires, Atomic Force Microscopy (AFM) was used to 
observe stiffness and adhesion properties of the arrays and Photoluminescence was used 
to check the crystal quality of the produced ZnO nanowires as defects are revealed in 
the spectrum.
4.2. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is a microscopy technique that allows the 
user to obtain extremely high resolution and high magnification 2D images of any 
structure by raster scanning a sample with a beam o f  electrons; improving on the typical 
Rayleigh resolution limitations imposed by wavelength in optical microscopy 
significantly. Modem optical microscopes have a re solution o f around 200 nm (using a 
xlOO objective lens with numerical aperture (NA) of 1.4) 1 however electron 
microscopes can resolve up to 1 nm (at 15 kV with a highest working magnification of 
x800,000) [1].
4.2.1. System Components
Fig. 4.1, shows the main components of the Hitachi S-4800 field emission SEM 
(FESEM) used in this work, primarily SEM works using five main components. A cold 
cathode field emission electron source provides a 3 - 5 nm diameter incident beam of
1 h t t a : / / w w w .m ic r o s c o D V u .c o m /a r t ic le s / f o r m u la s / f o r m u la s r e s o lu t io n .h tm l
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electrons to interact with the sample, 1 0 0 0  times brighter than older conventional 
Tungsten filament based microscopes [1]. E lectrom agnetic lenses are used to shape the 
beam o f electrons by applying an electrom agnetic field  to bend their route. Flem ings’ 
left hand rule suggests the electrons take a helical path down the column [1]. There are 
two sets o f lens used in the SEM, a condenser lens is used to control the diam eter and 
current o f the electron beam, while an objective lens is used after the condenser lens to 
adjust the focal point o f the beam.
Electron Gun
Gun Valve
Objective Aperture
2n Condenser Lens
Deflection Coils
Objective Lens
SampleSample Chamber
Figure 4.1. Cross-sectional View of a Hitachi S-4800 SEM Column, adapted from [I].
As the electron beam meets the first condenser lens the beam is focused below 
the lens and converged on the objective lens below it, adjustment o f the distance o f the 
focal point from the objective lens controls the initial spot size o f  the electron beam; 
with distances closer to the lens yielding a sm aller spot. A mechanical objective 
aperture is also employed for further control o f th e  diam eter o f the electron beam that 
reaches the sample; the Hitachi S-4800 has 3 different aperture sizes, 100 pm, 50 pm 
and 30 pm [1]. The deflection coils are used to raster the electron beam across the 
sample, hence ‘scanning’ electron microscope.
The improved resolution due to use o f  electrons com pared to optical microscopy 
also yields a significant improvement on the depth o f field (Z-range in focus) for SEM
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images. This is perfect for characterizing arrays o f nanowires as even at magnifications 
o f x50,000 this range can be as large as 2 -  3 pm depending on the aperture used, see 
Table 4.1. Fig. 4.2. shows the flexibility in the extensive m agnification range available 
using SEM to go from m easuring facets o f a single ZnO nanowire to observation o f the 
uniformity o f the nanowire array. Notice however that in Fig. 4.1a. that observation o f 
differences between layers on the non polar facet ( 1 0 1  1 ) is inhibited due to the depth o f 
field being only around 160 nm as the 50 pm aperture was used . But use o f a smaller 
aperture normally worsens signal to noise ratio at such high m agnifications, severely 
affecting contrast due to decreased brightness o f  the electron beam. This can however 
be compensated for by increasing the spot size using the condenser lens, though this 
leads to reduced resolution; therefore careful selection o f settings is required to obtain 
an image that is both in focus and o f good contrast.
100nm
S4800 5 OkV 9 3mm x5 00k SE(U) 10 0 u m |s4 8 0 0  5 OkV 9 3mm x500 SE(U> lOOum
Figure 4.2. Secondary Electron (SE) images of  an array of  ZnO nanowires showing the wide range of 
image magnifications available, where a) is 500,000x , b) is 50,000x , c) is 5,000x and d) is 500x.
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Tabic 4 .1. Effect o f Aperture size on depth o f field (WD -  10mm), adapted from [2].
Mag.
Depth of Field when using: 
100pm Aperture 50pm Aperture 30pm Aperture
500x 80 pm 160 pm 207 pm
5,000x 8 pm 16 pm 26.7 pm
50,000x 800 nm 1600 nm 2.67 pm
500.000x 80 nm 160 nm 267 nm
4.2.2. Field Emission
Traditionally the electron beam was created by therm ionic emission by passing a 
large current through a tungsten filament; this m ethod however produces a rather large 
beam 1 -  2 pm in diam eter with a limited life time o f  around 300 hours. M odem  SEMs 
use field emission instead to extract electrons from a sharp tip leading to a much smaller 
beam diam eter o f  around 3 - 5  nm with a far greater lifetime o f  around 10000 hours [1]. 
Electrons are contained within a metal due to a potential barrier that is assum ed to be 
infinitely thick (as to inhibit tunnelling o f  electrons) and o f  a height determ ined by the 
m etal’s work function. In therm ionic emission electrons from the Fermi level (see Fig. 
4.3a) are able to overcom e this potential barrier by therm ionic excitation. In field 
emission an electric field is applied reducing the thickness o f  the barrier to the point 
where electrons are able to tunnel through and be ‘field em itted’ from the sharp tip; this 
is done by applying an extracting voltage (Vext) between the cathode and first anode 
determ ining the emission current and an accelerating voltage (V;iCC) to the second anode 
to determ ine the final kinetic energy, see Fig. 4.3b.
Cathode
Anodes
Vacuum Level
Metal (j)
Fermi Level
Thermionic
Emission
Vacuum
Field
Emission
Figure 4.3. (a) Band diagram o f potential barrier (work function, <j>w) at the metal-vacuum interface for 
both Field and thermionic emission, (b) Operation o f  a Bulter type field emission gun. Adapted from [3].
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This design requires a small emission cone angle (less than 5 degrees) to ensure 
minimal bom bardm ent o f the first anode, therefore 1 imiting harmful ion production that 
could damage the tip. The tip is also held under ul tra-high vacuum condition at around 
10'('P a  to further reduce ion production and damage due to residual gas [1]. Modern 
FEG (field emission guns) allow the tip to be ‘flashed ’ whereby a current o f between 30 
-  50 pA is passed through the tip, heating it considerably enough to remove the 
contamination layer and if  sufficient current is selected a few m onolayers o f  tip material 
to eliminate any deform ities that may have developed [ 1 ].
Typical 
Depth up to 
5 pm 
depending 
on material
Sample
Electron Beam
Secondary Electrons 
(Depth: 5 - 5 0  nm)
Backscattered Electrons 
(Depth: I - 2 pm)
Characteristic X-rays 
(Depth: 2 - 5  pm)
Continuum X-rays 
Secondary Fluorescence
Figure 4.4. Diagram depicting the interaction volumes for the majority of  electron-sample interactions 
created by the electron beam. For clarity Auger electrons have been omitted. Adapted from [4],
Fig. 4.4. Com pares the interaction volumes for the various emissions created 
from interactions with the electron beam. The num ber o f  secondary and backscattered 
electrons emitted from the sample from each incident electron are described by the 
secondary electron coefficient (5) and backscattered electron coefficient (q) respectively
[5]. Secondary electrons are produced from inelastic scattering, where the incident 
electron interacts with the nucleus transferring so me energy and subsequently changing 
path. Backscattered electrons are produced from elastic scattering, where the incident 
electron interacts with a positive nucleus with little energy loss altering the path o f the 
electron by up to 180 degrees. The atomic num ber (Z ) o f the nucleus has a dramatic 
effect on the scattering angle; therefore backscattered electrons are highly atomic 
number sensitive and are used for further analysis o f materials [5]. Characteristic X-rays 
are also produced from inelastic scattering, where an atoms inner shell electrons are 
ejected by incident electrons and the holes filled by higher shell electrons dropping an
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energy level required energy to be conserved by em itting  characteristic X-rays. The 
simultaneous occurrence o f such intricate processes yields the interaction volume, 
whose shape is mainly due to elastic scattering causing a spread o f the electron beam 
whereas inelastic scattering lead to cumulative energy loss for each even inhibiting 
spread within the sample. Having the smallest interaction volume secondary electrons 
yield the highest spatial resolution compared to th e  other signals; they are therefore used 
for the majority o f  imaging as they carry most o f the  surface topographical information.
4.2.3. Image Aberration
When an SEM operator takes the time to carefully focus and adjust settings 
before image capture then the final image can yield wonderful levels o f detail, as SEM 
has such a high spatial resolution. However there a re  many variables that can affect the 
path o f electrons introducing artifacts in the im age, this is called aberration as it is a 
distortion o f the normally obtained images. The m ost comm on forms o f aberration are: 
Spherical aberration due to o ff axis focusing o f el ectrons 
Chromatic aberration due to a spread o f  electron energies from the gun 
Astigmatism due to the shape o f the electron beam, where deviation from a 
perfect symmetrical spot will yield stretched and unfocused images.
Since all the above are resolution limiting then to achieve the highest m agnifications the 
effect o f each form o f  aberration m ust be reduced [ 1 ].
From Electron 
Gun A
Objective
Aperture
P lane of 
le a s t confusion
G aussian  
image plone
[otoToto; S p h e r i c a l  a b e r r a t i o n
[OlOlOlO] [oloioio:
Condenser Lens
Chromotic aberro tion
Figure 4.5. Diagrams depicting a) the focal length o f  an electron beam after a magnetic field is applied, 
b) spherical aberration and c) chromatic aberration. Adapted from [3],
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Fig. 4.5a shows a more simplified aperture and lens configuration than was 
shown in Fig 4.1., where Fig 4.5bc shows two forms o f aberration. As discussed briefly 
before, the purpose o f  the aperture is to stop electrons that leave the  tip o ff axis as well 
as to allow the beam to be narrowed, which is used to change deptth o f field. Conversely 
a larger aperture is used to increase the amount o f electrons arriving at the sam ples and 
therefore is beneficial for any microanalysis work such as energy dispersive x-ray 
analysis; covered in section 4.3. The purpose o f  the lens is to change the path o f the 
electrons by applying a magnetic field to reshape the electron beam  and alter the focal 
length. Since the lens is simply an electro magnet comprised o f  a coil o f  wire around the 
beam then the focal length o f  the resulting electron beam post lens can be adjusted by 
simply adjusting the current o f  the lens to adjust the magnetic field  applied to the beam. 
However, the electrom agnetic lens (just like their optical counter parts) can introduce 
substantial artifacts i f  the lens it not set up correctly and the beam  is not uniformly 
focused on a single point. Aberration o f SEM lens happens via two main methods, 
spherical and chrom atic [6], with both adversely affecting the final image.
Figure 4.6. Correction method for astigmatism, with both left and right images originating from an 
elliptical spot o f sample surface, the middle is from a circular spot and the bottom image is the middle 
image in focus. All images were acquired at 25,000x magnification from ZnO nanowires.
Fig. 4.5b shows spherical aberration o f the beam where pa rallel rays o f  electrons 
are shown to hit the lens and those on the outsides o f the lens are over corrected with 
their new paths leading to a focal plane that is closer to the lens. W eak lenses used in a 
SEM for low m agnification, large working distance sample finding have large spherical
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aberrations [3]. Fig. 4.5c shows chromatic aberration o f  the beam where the accelerating 
voltage (or electron energy) o f the beam causes the electrons to spread more or less 
depending on their velocity [6]. This is why the m icroscope should always be run 
through the setup and alignment process each time a n  aperture, working distance or 
accelerating voltage is changed. Fig. 4.6 shows astigm atism  o f the beam where the 
beam is non-uniformly focused by the lens and forms a non-circular spot on the sample. 
The upper left image is stretched in one direction and the upper right in the opposite, 
and these positions represent the upper and lower focal points created by the irregular 
shape o f  the beam; and are highlighted as blue oval s in Fig. 4.7. The upper middle 
image is taken at the m idpoint between the two focal points, and the image below shows 
how the sample should looked with no (little) astigm atism  and focused correctly. 
Aberration due to astigmatism is corrected using sm aller stigm ata coils which apply a 
field opposite to the main lens coil in both X and Y directions, allowing careful 
adjustment to the shape o f the electron beam until it is circular.
Astigmatism
Figure 4.7. Diagram showing Astigmatism o f the electron beam, where the upper and lower focal points 
that are stretched in opposite directions are highlighted by blue ovals; adapted from [3].
4.2.4. Low kV Imaging
Fig. 4.4. compared the interaction volumes for the various em issions in a 
hypothetical sample, but did not include the effect o f accelerating voltage on the volume 
o f each emission. At higher kV the electrons are accelerated more and the electron beam 
penetrates and diffuses more within the sample resulting in signals (electrons coming 
out o f the sample) being generated from deeper with in the sample; often obscuring fine 
surface structures. Going back to Fig. 4.4., it can be seen that the resulting signal will 
also comprise o f more BSEs and so the image will also  begin to show contrast based on 
composition [4]. In chapter 8 the structure and m orphology o f U-2 OS cells on the ZnO
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nanowires will be characterized using SEM. Typically imaging biological material 
(non-conductive) at high kV requires either fixation in Osmium Tetraoxide, which is a 
lipid stain that embeds a heavy metal into the cell membranes, yielding higher electron 
scattering rate [7]; or the sample is coated in m etal (typically Gold or Palladium ) to 
allow charge to dissipate effectively. However, bo th  these techniques create artifacts 
and so imaging at a low accelerating voltage (lk V ) is often preferred. The lower 
electron energy reduces the mean free path for electrons entering the sample and 
secondary electrons escaping it; this allows for a much better representation o f surface 
topography o f materials comprising o f  light elem ents such as those in biological tissues. 
This will be covered in more detail in section 6.2.
4.2.5. Edge Effects
Fig. 4.8. shows the effect o f sample topography on the interaction volum e and 
escape o f electrons from the sample, where peaks an d  edges allow electrons to escape 
more readily from the sample, creating high contrast areas; as shown in Fig. 4.9a. 
Electrons preferentially escape from edges and peaks, m eanwhile depressions in the 
sample can shield regions o f sample from the detector leading to poor signal intensity in 
those regions. Back scattered electrons released from  areas facing the detector can 
enhance this difference in contrast based on topography phenomenon. Often 
topographic contrast can be reduced by lowering the accelerating voltage o f  the beam. If 
this is not an option (i.e. in the case o f  elem ental analysis where the sample needs to be 
saturated with electrons) then tilting the sample tow ards the detector can often improve 
contrast by reducing topographical contrast artifacts due to charging [2],
Figure 4.8. Diagram showing the effect o f  sample topography on the interaction volume and escape of 
electrons from the sample. Adapted from [8].
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4.2.6. Charging artifacts
Charging o f the sample during imaging acquisition is likely the most impeding 
hindrance o f SEM in aging, though these charging artifacts can often be easily resolved 
with careful selection o f incident electron beam parameters; such a s  accelerating voltage 
and spot size. Charging artifacts are derived from a build-up o f  excess electrons within 
the surface o f the sample, creating an electric field that can deflect the incident electron 
beam producing undesirable distortions to the captured image. Thiis build up charge can 
also randomly be released from the sample leading to erroneous lines from the detector, 
and is generally a m ajor problem with non-conductive (insulating) samples.
S4800 5 OkV 7 7mm x15 Ok SE(M) 3 OOum S4800 S OkV 20 bmm x5 00k SE(L)
S4800 1 OkV 16 9mm x10 Ok SE(L) 5 OOum S4800 1 OkV 3 7mm x7 00k SE(U) 5 OOum
Figure 4.9. SEM images show (a) edge charging, (b) area charging, (c) line charging and (d) residual 
charging.
Fig. 4.9. depicts some o f the most common artifacts observed during SEM 
imaging o f non-conductive materials, where (a) shows edge charging in Zinc Oxide 
nanowires, (b) area charging in an epithelial endometrial Ishikawai cell on nanowires, (c) 
erratic line by line release o f electron build up in a cryo-SEM  image o f bovine 
explanted tendons and (d) residual charging left behind a fte r high magnification
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inspection o f Zinc Oxide seed layer particles. Edge charging occurs in the smaller 
features o f the sample, where electrons build up at the edges o f heightened topography 
or isolated areas o f  the sample causing small features to become uncharacteristically 
bright compared to the rest o f the image. Area charging causes certain areas to grow 
increasingly bright with SEM adjustments having little effect, these are normally caused 
by completely ungrounded areas o f the sample. Line by line charging happens when a 
build-up o f electrons begin to randomly release from  the sample causing the image to 
fluctuate line by line in brightness, this typically  will occur when taking a low 
magnification image o f  an area where a high m agnification image was previous 
acquired. For residual charging artifacts electrons that still remain in the sample from 
previous high m agnification imaging are added to th e  low magnification image resulting 
in either bright or dark areas depending on the m aterials value o f E 2 ; see Fig. 4.11.
(a)
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Figure 4.10. (a) Effect o f atomic number on the yield o f backscattered electrons (rj) and secondary 
electrons (5), from [5]. (b)Total electron emission as a function of incident beam energy (E 0), from [2]. E t 
and E2 are the first and second crossover points.
Fig. 4.10. Shows electron emission coefficient plo tted  as a function o f incident 
beam energy (Eo), if  both backscattered primary electrons (q) and secondary electrons
(8) are considered; the highlighted region is where the amount o f emitted electrons 
exceeds the amount o f incident electrons in a non-c onductive sample; as defined by the 
two incident energy values E | and E2 where r\ + 8 = 1. Typically E | is a few hundred 
electron volts and E 2 is around 1 -  5 keV. When the incident beam energy is below El 
then less electrons leave the sample than the am ount that enter so the sample builds up 
negative charge, until sufficiently charged to defl ect the electron beam. W hen the beam 
energy is between the two crossover points then m ore electrons are emitted from the
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sample than enter it, positively charging the sample attracting low  energy secondary 
electrons. These m echanism s result in unity for r| + 8 as an equilibrium between 
incident current and em itted current is reached [2].
If the electron beam is less than E] then r\ + 5 < 1 meaning that less electron 
enter than leave the sam ple resulting in a net negative charge. E > E2 also produces a net 
negative charge, again further decreasing + 5 until the specim en is sufficiently 
negatively charge enough to reflect the electron beam. It has been shown by Oatley et 
al. [9] that operation at E > E 2 is unsatisfactory as E 2 can vary considerably between 
different regions o f the sample. It is therefore more desirable to operate the SEM  with 
an electron beam energy in the region o f El < E < E2. This is often achieved around 1 
keV and allows im aging o f insulators without metal deposition [2].
Figure 4.11. Determining E2 for low accelerating voltages in non-conducting samples, where the SEM 
images are o f paper taken at electron beam accelerating voltages o f (a) 2.5 keV and (b) 1.2 keV. It can be 
seen that a) is negatively charge and kV and b) is positively charging. Reproduced from [I],
Hitachi provides the following procedure for determination o f  E 2 value [1]:
- Set the m agnification to 1 OOx and scan at TV rate
- Increase the rr agnification to 1 OOOx as quickly as possible
- Count to five, then drop back to 1 OOx m agnification
- Look at the scan square that is visible in the centre o f the screen
- If the scan square is brighter than the background then the sam ple is negatively 
charging and the beam energy is greater than E 2 (or possibly less than E |).
- If the scan square is darker than the background then the saimple is positively 
charging and the beam energy is less than E 2 (and greater than E |).
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4.3. Energy Dispersive X-ray Spectroscopy (Elemental Analysis)
Knowledge o f the internal structure o f a material can  be useful to determine the 
source o f material systems physical and optical properties. Using elemental analysis 
techniques such as Energy Dispersive X-ray Spectroscopy (EDX), W avelength 
Dispersive X-ray Spectroscopy (W DX) or X-ray Photoelectron Spectroscopy (XPS) can 
obtain detailed information on internal structure an d  chemical m ake-up o f  a material. 
EDX and WDX data can be obtained in-situ with SEM topographical analysis, as when 
the electron beam hits the material, characteristic x-rays are generated at discrete 
wavelengths and energies revealing the different elem ents within the sample. To 
interpret chemical characterisation results a good understanding o f the principles behind 
EDX is required; the following sub-section will look at the physics behind EDX giving 
examples taken from this studies work.
Figure 4.12. K and L line X-ray emission process due to incident electrons from the SEM electron beam. 
Adapted from [10].
When the electron beam hits the sample electrons a re  ejected from atoms by 
incident electrons, creating vacancies throughout th e  material, see Fig. 4.12. W hen an 
electron from the L or M shell drops an energy level to fill a K shell vacancy a 
characteristic x-ray is emitted o f energy equal to the drop in energy level. I f  the electron 
drops a single level (L to K) this creates a k a  x-ray, if  the electron drops two levels (M 
to K) a Kp x-ray is emitted. The occupancy o f the K shell hole creates either a L or M 
shell vacancy, which when occupied by a M or N shel 1 electron emits a La or Lfl
Incident electron 
(from  beam ) \
Ejected
electron
Scatter^
electron
a) Inelastic Scattering b) K line emission c) L line emission *
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characteristic x-ray respectively. The x-ray energies are unique to the element that 
created them allowing quantitative analysis of mate rials chemical characteristics when 
compared to known x-ray energies [11], see Table 4.2.
The electron beam is only able to ionize atoms if the incident electrons have 
energy greater than the binding energy of the inner shell electrons of the atom. Since 
binding energies differ for each element EDX compares the energy of the x-rays to 
determine the element of origin. Also as the K shell is closest to the nucleus and is 
therefore more tightly bound its binding energy is greater than other shells, meaning 
that if the beam energy is sufficient to produce a K« or Kp x-ray emission then L and M 
shells will also emit x-ray if shells above them are occupied [10], This is why in Table
4.2. gold is the element with the highest probably to produce Ma x-ray emission as its 
atomic number is 79 and it has 6  occupied shells. Absorption edge energy is the energy 
required to excite x-ray emission and is equivalent to the elemental emission lines to be 
observed. However, to maximise characteristic emiss ion against continuum 
(brehmstrahlung) emission to yield sufficient signal to noise ratio the EDX user must 
exceed the minimum absorption edge energy by at lea st a factor of 1.5 2.
As mentioned the characteristic energy of a given x-ray emission varies with 
atomic number, to obtain the atomic number from the x-rays Moseley’s law is used to 
determine the element producing the K, L or M line emission. Which shows that the 
square root of the photon frequency is proportional to the atomic number of the emitting 
atom [12]. Equation 4.1, shows Moseley’s law explaining the relationship between 
Energy (E) and atomic number (Z) where C i and C2 are constants that depend on line 
type and can be considered equal for K line emission; further knowledge o f these 
principles lay far beyond the scope of this thesis. When Moseley’s relationship is used 
in conjunction with Planck’s relation (Equation 4.2.) then it can be understood how 
either EDX or WDX can be used to determine the element of origin by obtaining the 
atomic number from either x-ray energy or wavelength.
■ J E  = CjXZ — C 2 )  (4.1)
2 Dr Jean-Paul Mosnier, Dublin City University, Personal Communication, 21s* January 2014
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Z« 7 * 1 /2  (4.3)
Traditionally EDX detectors have used Silicon crystals doped with lithium, 
called 'S i(L i)’ as sensors. Incoming X-rays ionize the sensor’s atoms producing a 
charge proportional to the X-ray energy that is detected  by a Field Emission Transistor 
(FET) attached to the crystal. However Si(Li) sensors need extremely cold tem peratures 
to operate, requiring constant consumption o f  liqu id  nitrogen during operation. 
H ow ever recently Silicon Drift Detector (SDD) sensors have become widely available 
as they only require a few degrees below freezing to  operate and so can be operated 
with Peltier cooling and have far great surface area  allowing for a much higher 
acquisition rate [13]. The detector used in this w ork  is an Oxford Instruments X-M ax, 
and uses a SSD sensor, see Fig. 4.13.
%  ..
W indow
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Figure 4.13. Diagram o f the Oxford Instruments X-Max 100 EDX SDD detector used in this work, where 
a) shows operation o f SSD and b) labels all components, from [13].
Fig. 4.13b. shows the EDX detector that is inserted into the SEM chamber, it 
com prises o f  four main components essential to operation; they are the sensor and FET, 
the Beryllium  window, the electron trap and the col limator. The collim ator’s aperture 
collects X -rays from only the area o f  the sample excited  by the electron beam. The X- 
M ax uses a polym er based w indow supported on a mesh grid to allow detection o f low
i t l  ******
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energy X-rays as low as 100 eV. Due to the thinness o f the window some high energy 
electrons are able to tunnel through, and to avoid them interfering with the charge o f the 
SSD an electron trap consisting o f a looped magnet is installed to deflect an incoming 
electrons before they reach the sensor. The sensor itself works by applying a field 
gradient using the rings o f metal in Fig. 4.13a. T hese back surface electrodes collect the 
charge from ionized atoms due to the X-ray and send it to the anode which is connected 
to the FET. The transistor is connected directly to the back o f  the SSD and is used to 
amplify the charge and send a voltage output to the electronics. The process generates 
heat and requires cooling so a Peltier elem ent attached via a heat pipe to cooling fins in 
the detector casing is attached to the SSD and FET.
Chemical characterization techniques such as EDX can  yield an understanding 
o f the causes behind trends seen in other character ization techniques. For exam ple when 
comparing the PL o f two hydrothermally grown nanow ire arrays with precursor ratios 
o f  2:1 and 1:1 (discussed in chapter 8) the 2:1 nanow ires will have a larger 550 nm 
centred defect peak; indicating the lattice contains a higher degree o f defects. When 
analysed with EDX this difference in optical properties between the two recipes can be 
attributed to oxygen vacancies within the lattice a s  quantitative x-ray analysis shows a 
52.24 to 47.76 and 51.46 to 48.54 ratio for zinc to oxygen for precursor ratio’s 2:1 and 
1:1 respectively. However, the origins o f  such observations need to be considered, as it 
is known that while EDX yields information from the bulk PL can often be surface 
sensitive [14].
20
Silicon
Nickel
G old
0 1 2 3 0 0.5 1 1.5
Emission Line Energy (keV) Emission Line Energy (keV)
Figure 4.14. Comparison o f gold and nickel layer between silicon substrate and ZnO seed layer, with a 
silicon only control, from [ 15]. Nickel and Silicon have been offset by 2000 and 4000 counts respectively. 
Notice the intensity o f the silicon peak due to the PVD layers having a combined thickness o f  55 nm
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Table 4.2. Element emission line energies, from [11]
Element Line Energy (KeV) Emission Line
Oxygen 0.5249 K al
Nickel 0.8515 Lai
Zinc 1.0117 Lai
Silicon 1.7399 Kal
Gold 2.1229 M ai
Fig. 4.14. and Table 4.2. are examples of typical quantitative results obtained 
from EDX, where three similar samples have been analysed. All with a silicon substrate 
and a 20 nm thick ZnO seed layer, but two samples have a 35 nm metal layer between 
the substrate and the seed layer. This work has been published by Brown et al. [15] who 
showed that with EDX there was a significant difference between the ZnO seed layers, 
and attributed the observed differences to a change in roughness of the seed layer. EDX 
can be used to produce results revealing the atomic percentage of all the elements within 
the material; this can be useful for detailed quantitative analysis of samples. Table 4.3. 
shows an example o f atomic % data.
Table 4.3. Example o f  information obtained from EDX spectrum. Al, Cu and Si have been omitted.
Element Line App.
Cone.
k  ratio Intensity
C orrn .
W eight
%
W eight 
% Sigma
Atomic
%
Carbon K 1.03 0.00476 0.5732 1.74 0.47 5.27
Oxygen K 43.96 0.15778 1.8406 23.17 0.35 52.67
Potassium K 0.92 0.00754 1.1936 0.75 0.14 0.69
Zinc L 63.23 0.63235 0.8249 74.35 0.5 41.37
In this work EDX was used to provide elemental analysis o f zinc to oxygen 
ratios to provide quantitative comparisons between different crystal growth recipes. 
Therefore knowledge of how atomic percentage is acquired is necessary for good 
understanding of the results; and is discussed further in Appendix III where quantitative 
analysis of EDX spectra for polyethylenimine (PEI) is examined. The INC A analysis 
software3 used in this study runs through several calculations to derive the final 
distribution of elements as a total of 100 percent. The following text will explain the 
importance of each step.
3 h t t p : / /w w w .o x f o r d - in s t r u m e n ts , c o m /p r o d u c t s /m ic r o a n a lv s i s /w a v e le n g th - d i s D e r s iv e - s v s te m s -  
w d s /w a v e - s o f tw a r e
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As there is contribution from nonlinear background across the entire energy 
range the INCA software applies filtered least squares fitting method to each peak to 
remove the background continuum x-rays [16]. S ta tham ’s [17] ‘top hat filter" is used to 
filter each peak yielding zero background contribut ion and perfect Gaussian elemental 
peaks so that areas can be m easured to obtain apparent concentration. Once the 
background is removed the elemental peak intensities are divided by sim ilar saved 
standards collected under the same conditions, such as accelerating voltage, probe 
current, live-time; essentially normalizing the collected  peak intensities to known data. 
This ratio is called the k ratio [10]. INCA corrects the data’s intensity further by 
compensating for inter element effects using Pouchou and Pichoir’s [18] exponential 
matrix correction model, yielding an intensity correction that is the ratio o f  the 
combined sample correction to the combined standard correction for each element. It 
should be noted that if  intensity correction is c lose  to 1 that little correction has been 
applied to the elemental peak, and ideally this vai ue should be between 0.8 and 1.2 [19].
(a) Low Z (b) High Z
Figure 4.15. Distribution o f incident electrons (from beam) with change in accelerating voltage, where 
dark blue depicts increased Vacc; and where a) is a low and b) a high atomic number material, adapted 
from [20],
W eight % is obtained after intensity correction, and  values are scaled up to make 
100 yielding percentage. Though weight % is not useful in this study as it provides little 
insight into the arrangement or ratio o f  the zinc and  oxygen atoms, which is given by 
atomic %. W eight % sigma shows the statistical error in calculation and can be used to 
gauge signal to noise ratio. As if  the value exceeds twice the amount in weight % then 
the amount o f elem ent in the sample is typically below  the detection limits and should 
be omitted. Atomic % is the value used is this study and is used to compare differences 
between zinc to oxygen ratio for different ZnO grow th recipes. It is simple when atomic 
weights are considered to see that weight % cannot reflect on the ZnO lattice ratio, as 
zinc and oxygen have atomic weights o f  65.38 and 15 .99 respectively. EDX has clearly
Chapter 4: Characterization of Zinc Oxide Nanowires
detected more oxygen than zinc atoms are present within the sample. How ever care 
should be taken when analysing data as selection o f accelerating voltage and probe 
current will affect the interaction volume o f the beam and lead tto m easurem ents from 
substrate as well as sam ple, see Fig. 4.14a. Note that raw data is not shown and that 
changing the list o f  elem ents will cause the software to autom atically rescale wt%  and 
at% to 100%; for example in Table 4.3. contributions from a copper SEM stub clip, the 
Aluminium stub itse lf and the Silicon substrate have been omitted-
EDX is unable to distinguish between compounds like X-ray Photoelectron 
Spectroscopy can, as the energy o f  x-ray emission is independent o f  the materials 
chemistry. W ith Kirkbridge [21] reporting that EDX suffers from a lack o f  specificity 
regarding the oxidation state o f  complex anions; where it cannot for example 
distinguish between chloride and chlorate, nor between sulfur, siulfide and sulfate. For 
example the oxygen peak obtained from ZnO (sample) and SiO ; (substrate) will be in 
the same position for both materials. This means careful consideration needs to be given 
to the interaction volum e o f  the beam, see Fig. 4.16. depicts a M onte Carlo simulation 
o f electrons in Iron with different accelerating voltages.
500nm500nm
Figure 4.16. Monte Carlo simulation o f  interaction volume at a) 10 KeV and b) 20 KeV in iron [2].
EDX o f nanowire arrays o f length less than 1 pm would lead to information from 
the substrate being obtained at 10 kV; the system would be unable to distinguish 
between the oxygen in the glass substrate and in the ZnO nanow ire leading to a false 
reading o f the zinc to oxygen ratio. Therefore care has to be taken when setting the 
electron beam to ensure that the conect balance between counts per second and 
interaction volume is obtained. In this work a 5 kV accelerating voltage and 20 pA
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probe current were used for all quantitative analysis to guarantee no contribution from 
glass substrates was detected. However such low accelerating voltage leads to less x-ray 
emission producing a reduction in the num ber o f  counts per second acquired; therefore 
increasing the spectra’s signal to noise ratio.
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Figure 4.17. Effect o f process time during acquisition on accuracy o f results, adapted from [13].
The signal to noise ratio (SNR) can be improved at the cost o f element peak 
resolution by reducing the process time, which is th e  amount o f  time the software 
spends reducing the noise from the SSD/FET signal during processing. The process 
time was often reduced from 6 to 5 (arbitrary time units) to reduce the amount o f counts 
lost. With a high processing time data is often m issed as more accum ulate, the 
percentage o f data lost is called the dead-time. Regardless o f the SNR obtained the 
minimum process time was never set below 5, as this is the value recom m end as the 
minimum amount o f  process time required to still achieve high enough resolution to not 
obscure overlapping peaks in the spectra, nor lose any data4. Fig. 4.17. shows the 
importance o f a longer process time, were the blue boxes are indicating the time taken 
to average away the noise for a more accurate voltage m easurement. See how for a short 
process time the m easured value (blue line) and the actual value (red line) differ more 
than for the long process time; assum ing that each ramp was for the same elem ent then 
it is clear that a short process time results in a broadening o f  the peaks (an increase in 
FW HM ) due to the inaccurate removal o f noise, as show n in Fig. 4.18. H ow ever a long
4 Judith Root, Oxford Instrument’s Applications Specialist, Personal Communication, 5 lh October 2010
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process time can miss steps resulting in a larger dead-tim e and worse SNR; though 
these can be compensated for by adjusting the electron beam or increasing the time 
taken to acquire the spectra. It should be noted th a t the process time was never set 
below 5 for any data shown in this thesis.
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Figure 4.18. Effect o f process time on accuracy o f results. Where it can be seen that a short process time, 
i.e. larger bins to allocate data too results in the zinc satellite peak at 0.9 keV being masked.
4.3.1. Stoichiometry of ZnO
Elemental analysis results from EDX can be used to obtain atomic percentage o f 
any material; it therefore allows crude analysis o f  Stoichiometry (the ratio o f  two 
elements in a compound). However it is important to determine the effect o f  the 
interaction volume and surface area to volume ratio o f  the samples. Cobley et al. [22] 
have shown with EDX that although the ratio o f  ox ide to W appears to change from tip 
to shaft o f a W tip, it is in fact just the effect o f  surface to volume ratio changing as the 
diam eter o f the tip increases. It is also important to consider the effect o f  the beam on 
the sample, given the large accelerating voltages required to obtain sufficient amount o f 
X-rays. Goldstein [2] warns that the energy provided by the electron beam  can cause 
cracking o f hydrocarbons resulting in deposition o f  carbon on the sample. Both these 
observations may affect stoichiom etry determ ination, for example if  ZnO nanowires are 
on a glass substrate (S i0 2) then care must be taken not to include counts from  the 
substrate. It should also be known that stoichiom etry values obtained using EDX are for 
guidance only as the margin o f error has been reported to be as high as ±2 % [23].
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4.4. P h o to lu m in e sc e n c e  (O p tic a l P ro p e r t ie s )
Photoluminescence (PL) is the process o f absorption and re-em ission o f  light, 
and can be used to understand the electronic struct ure o f a solid. As discussed in chapter 
2, when a material is excited (in this case by a ligh t source) electrons are given enough 
energy to traverse from valence to conduction band across the band gap. How ever when 
an electron transitions back to the valence band it recombines with a hole emitting a 
photon o f energy equivalent to the amount lost drop ping; for direct band gap materials 
see Fig. 2.2a. p.9. A spectrom eter is able to detect the wavelength o f  the photon, 
proportional to its energy and plots the intensity o f  the spectrum, Fig 4.19. This means 
that PL is able to observe deep level recom bination sites due to defects as well as 
shallow donor and acceptor levels, allowing a m easure o f  the lattice quality. 
Understanding the m echanism s controlling the optical properties o f ZnO nanowires was 
crucial to optim ization o f the growth recipes discussed in chapter 3, as well as 
answering the brief o f this project by achieving th e  foundations o f creating a functional 
device. It is due to the importance o f  these findings that the m ajority o f  the 586 
nanowire arrays fabricated during the course o f  thi s work were characterized for optical 
properties using PL. This section will expand on the  theory in chapter 2 and explain the 
mechanisms behind the PL o f ZnO nanowires with relevant real data exam ples, such as 
Fig. 4.19.
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Figure 4.19. Comparison o f gold and nickel layers between a silicon substrate and ZnO seed layer, with a 
silicon only control, where a) and b) have not and have been calibrated for absolute irradiance, 
respectively. From ref. [24].
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The original intent was to address the ZnO nanowire array optically to access the 
level o f nanowire bending quickly and accurately, it was originally proposed that using 
second harmonic generation (SHG) a non linear optical process as the basis for imaging 
will allow a much higher spatial resolution to be obtained com pared to imaging based 
on conventional fluorescence, due to re-em ission o f absorbed light inhibiting 
fluorescence techniques much like the reduced resolution o f  BSE SEM images 
discussed earlier. Fig. 4.20. shows the closed beam fibre optic based system with a 
325nm HeCd laser source that was used in this work. This was done to increase the 
beneficial power per unit area reaching the sample as using a M ercury lamp w ould have 
resulted in reduced am ount o f  optical excitation energy greater tlhan the band gap. At 
325 nm, the HeCd is providing 3.82 eV which exceeds the energy requirem ent to 
promote the electrons to traverse the 3.3 eV ZnO band gap.
345LP
Filter
Laser (325nm HeCd)
Figure 4.20. Layout o f photoluminescence apparatus as used in this work with a detailed layout o f the 
internal structure o f the spectrometer used. USB2000+ diagram adapted from [25]. The components of 
the spectrometer are as follows; I) SMA connector, 2) Slit, 3) Filter, 4) Collim ating mirror, 5) Grating, 6) 
Focusing mirror, 7) Detector collection lens, and 8) CCD detector.
The spectrom eter detects the intensity o f light at different wavelengths, since in 
radiative recom bination the wavelength o f the photon is equivalent to the energy loss o f 
the electron dropping; PL can reveal the band gap o f  the m aterial as well as any defect 
induced deep levels within the forbidden region. The apparatus comprised o f  a M elles 
Girot 6 mW  TEMoo 325 nm HeCd laser as the excitation source, fibre optic coupled into 
a filter block housing a 325/1 Ox filter to remove noise peaks. Tlhe laser used suffered 
from irregular em ission, with emission in wavelengths o ther than 325 nm observed. The 
band pass filter was coupled to the excitation wand that was directed towards the
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samples at 45 ° degrees to normal and kept 2 - 3  mm away from the sample. The 
emission wand was directed normal to the sample to collect re-emission, some diffuse 
reflectance and most importantly little specular reflectance from the excitation source. 
To eliminate the spectrometers exposure to the excitation source a 345LP (345 nm long 
pass) filter was used to transmit only the spectral range needed.
The spectrometer used was an ocean optics USB2000+UV-VIS selected with a 
ruled grating of groove density 600 to give a blaze wavelength of 400nm, yielding a 
best efficiency range of 250 -  800 nm [26]. Fig. 4.20. reveals the inside of the 
spectrometer, where light enters the spectrometer through the optic fibre via the SMA 
connector, and the amount is controlled by a 25 pm by 1000 pm rectangular slit and a 
filter to restrict the spectral range. Once the wavelength range and intensity have been 
controlled the light beam then encounters the colli mating mirror which focuses the light 
onto the diffraction grating. The grating (depending on the density and the blazing 
wavelength) splits the light beam into discrete wavelengths, similar to a prism breaking 
light up into its constituent spectral colours; tho ugh here the blazing wavelength dictates 
the peak wavelength in an efficiency curve. The now discrete wavelengths hit a 
focusing mirror and are directed to the CCD detector for analysis.
4.4.1. Calibration of Data
The Ocean Optic’s USB2000+ spectrometer needs to be calibrated with the 
current apparatus set up in Fig. 4.20. as erroneous data can often be collected from 
spectrometers than are not calibrated with a reference lamp. A calibration lamp from 
Ocean Optics was used to correct the detector for grating response, taking into account 
the absolute irradiance where the detector is more or less sensitive at certain 
wavelengths. By building a profile of the spectrometers sensitivity across the spectrum 
results can be adjusted using this profile to yield calibrated results5, see Fig. 4,19, While 
conducting the calibration process all filters and fibres had their collimating lens 
adjusted to ensure the excitation source was a perfect Gaussian, see Fig. 4.21. To further 
improve accuracy of results the sample was left exposed to the beam for at least 30 
seconds before acquiring data, as to avoid the thermal quenching effect. Kong et al. [27] 
have reported difficulty in observing UV emission from bulk ZnO at room temperature
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because the intensity o f the emission would decrease rapidly with the increase o f 
temperature.
a) I  b)
Figure 4.21. Photographs showing results o f beam alignment, where a) is before and b) is after. Paper 
was used to see beam shape via emission, as excitation is invisible due to the HeCd’s 325 nm wavelength.
4.4.2. Determination of Deep Level Components
Photolum inescence (PL) can be used to obtain more detailed sample information 
if  the spectra is broken down in contributing com ponents, as detailed analysis allows 
interpretation being defects in the lattice and surface states on the surface. Using 
equation 4.2 and Planck constant in electron volts (h =  4.136E ~ls eV. s)  we are able to 
convert from wavelength to electron volts to observe the distance o f the band gap and 
the levels o f  recom bination sites within the band gap. As discussed in section 2.2. 
undoped ZnO often has multiple deep level defect recom bination sites within the band 
gap. Fig. 4.22a. shows the PL o f  a typical ZnO nano wire array created by the author, 
where it can be seen that the defect peak appears to  be comprised o f no less than three 
peaks. For example by comparing the results to findings in the literature one is able to 
postulate that the origins o f  these three component peaks centred at 2, 2.16 and 2.3 eV 
are likely due to singly charged oxygen vacancies (F0+), oxygen vacancy zinc instititual 
complexes (F0Z?ij) and zinc substitutional in oxygen site ( 0 Zn), respectively [28].
W ork by Ha et al. [29] has shown that the ZnO crystal lattice maybe ‘healed" by 
thermal excitation in argon or oxygen. The PL results in Fig. 4.22. clearly shows a 
drastic improvement to the optical properties o f th e  nanowires with significantly less 
contribution from deep level emission; as shown by the reduction o f DLE peak area by
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591 %. By careful analysis and review o f literature annealing ZnO nanowires can be 
used to determine the components that contribute to the DLE emission peak.
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Figure. 4.22. The photoluminescence o f ZnO nanowires (a) before and (b) after annealing at 500 °C for I 
hour in Argon filled environment. Note that the higher starting intensity o f  DLE peak compared before 
annealing is due to this sample being much older than the other samples used throughout this thesis.
The graphs in Figure 4.23. are produced by Fityk [3 0] where the program  has 
broken down each spectra into 5 G aussiam s that represent the most com m only reported 
deep level band gap states from the literature; and are matched to Table 4.4. More 
specifically the software has been told to determ ine peak positions with commonly 
reported values from the literature used with ~10 % tolerance to unsure random 
G aussian’s were not selected by Fityk for the best fit; unless to compensate for extreme 
misfit o f  data. It should be noted that the above spectra are not calibrated for absolute 
irradiance and should be used as a guide to the amo unt o f  change in the com ponents that 
comprise each spectra.
377.11
Table 4.4. Commonly accepted photolum inescence peaks fo r ZnO nanowires.
AE (eV) Description Ref.________
3 .3 9  Band to Band B. Ha et al. [29]
385.28 3 .3 2  B and to A ccep to r  B. Ha et al. [29]
528.02 2 .4 2  O z„ B .Lin  et al. [31]
580.02 2.21 VoZn, P. Xu et al. [32 ]
640.37 2 .0 0 ____________________V o !__________________ S. L im a et al. [33]
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Figure 4.23. The photoluminescence spectra for a ZnO array (A) before and (B) after annealing at 500 °C 
for 1 hour in Argon. The graphs are produced by Fityk [30] where the program has broken down each 
spectra into 5 Gaussian’s that represent the most commonly reported deep level band gap states from the 
literature.
M ore interestingly, Figure 4.23 shows that the DLE visible emission band is 
certainly comprised o f  m ultiple components as annealing only partially rem oved the 
DLE peak, blue shifting the peak from 575 to 500 nm. Ha et al. [29] has broken down 
the typical ZnO spectra into 5 components, 2 for NBE and 3 for DLE, labeled Blue (479 
nm), Green (524 nm) and Yellow (595 nm). They attribute Blue to  intrinsic defects such 
as O and Zn vacancies and interstitials, Green to single-ionised oxygen vacancy and 
Yellow to single negatively charged oxygen interstitials. The Green emission has also 
been attributed to single-ionised oxygen vacancy in ZnO by V anheusden et al. [34] with 
Li et al. [35] reporting sim ilar breakdown o f  their spectra, with their DLE comprised o f 
two weak green em ission bands centred at 485 nm and 530 nm. Kiu et al. [36] suggests a 
different origin o f the green band emission in hydrothermally grow n nanowires, with 
OH- proposed to be the surface-trapping centre because green em ission intensity 
correlates with surface hydroxide concentration. Song et al. [37] has suggested that the 
peak at about 530 nn is due to the radiative recombination o f  a photogenerated hole in 
the valence band with an electron occupying the deep oxygen vacancy energy band.
W ang et al. [38] revealed that post oxygen annealing their nanowires did not 
have any significant change in stoichiometry, although they did gain a dramatic 
reduction in the green to UV band intensity ratio (from 0.4 to 0.023). W ith this 
information and the previously discussed breakdown o f  spectra it could be concluded 
that although the amount o f  oxygen has not changed within the nanowires the
Chapter 4: Characterization of Zinc Oxide Nanowires
interstitials have been given sufficient energy to fill vacancies. A similar result was 
reported by Gupta et al. [39] who reported that the improvement with annealing was due 
to a reduction of stress within the crystal lattice; which supports both this works results 
and spectra breakdown by Ha et al. [29], There are limitations with PL analysis of deep 
levels within the band gap as they maybe of either point defects (interstitials, anti-sites, 
substitionals, and vacancies) or surface states (dangling bonds); especially given the low 
power per unit area of the HeCd laser (2 W/cm2) used in this work. However it has been 
reported by Lyu et al [40] that the green luminescence band remains unaffected by
•y
power as, when the excitation intensity is increased from 60 to 1000 W/cm only the 
UV emission peak increases. Lyu et al. state that the green band emission reaches 
saturation with low excitation intensity because it s energy density is lower than that of 
the free excitons. This means that the morphology o f  the nanowires should always be 
taken into consideration. It has been show by Shali sh et al [41] that the diameter of ZnO 
nanowires affects the NBE to defect peak ratio. They concluded that surface states play 
a role as a change in nanowire size lead to a chang e in surface to volume ratio.
Photoluminescence analysis is essential to determine the optical properties of the 
ZnO nanowires grown in this work, where each variab le changed can have its effect on 
optical property observed easily. This section has explained the importance of 
understanding the various wavelengths (or deep ener gy levels within the band-gap) that 
make up the deep level emission (DLE) band, as they can be used to determine the 
crystal quality of the ZnO nanowire. Also, the significance of considering the origin of 
these DLE components has been shown by thermal annealing of ZnO nanowire to 
remove surface states and heal the lattice.
4.5. Summary
This chapter has shown and explained the majority o f  techniques and equipment 
used for characterisation of ZnO nanowires in this work. It has covered Scanning 
Electron Microscopy (SEM) for determination of nano wire morphology (Length, 
Width, Alignment, Density). X-ray Microanalysis (EDX) was used to confirm 
stoichiometry of the nanowires, though the dangers of taking values without thought 
was discussed. Finally Photoluminescence of ZnO nanowires was used to determine 
their optical ‘crystal quality’ and contributions from defects and surface states were
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discussed. The following chapter jump into Biology, covering the background of the 
mammalian cell, cell mechanics and adhesion, follow ed by the techniques used in this 
work to determine cell biocompatibility with ZnO nanowires.
4.6. References
[1 ] Hitachi, “Instruction Manual for Model S-4800 Field Emission Scanning Electron Microscope,” 
2002 .
[2] J. I. Goldstein, D. E. Newbury, P. Echlin, D. C. Joy, C. Fiori, and E. Lifshin, Scanning Electron 
Microscopy and X-Ray Microanalysis - A Text fo r  Biologists, Materials Scientists, and 
Geologists, 2nd Ed. Plenum Press, New York, 1981, p. 673.
[3] L. Reimer, Scanning Electron Microscopy: Physics o f  Image Formation and Microanalysis, 2nd 
ed. Springer, 1998, p. 527.
[4] J. J. Bozzola and L. D. Russell, Electron Microscopy: Principles and Techniques fo r  Biologists. 
Jones and Bartlett, 1992, p. 542.
[5] P. J. Goodhew, J. Humphreys, and R. Beanland, Electron Microscopy and Analysis, Third. Taylor 
& Francis, 2001, p. 251.
[6] L. Reimer, Image Formation in Low-Voltage Scanning Electron Microscopy. SPIE Press, 1993, 
p. 143.
[7] W. L. Jongebloed, I. Stokroos, J. J. Van der Want, and D. Kalicharan, “Non-coating fixation 
techniques or redundancy o f conductive coating, low kV FE-SEM operation and combined 
SEM/TEM o f  biological tissues.,” J. Microsc., vol. 193, no. Pt 2, pp. 158-70, Feb. 1999.
[8] A. Khursheed, Scanning Electron Microscope Optics and Spectrometers, 1st ed. World Scientific, 
2011, p. 402.
[9] C. W. Oatley, “The early history o f  the scanning electron microscope,” J. Appl. Ph)>s., vol. 53, no. 
2, p. R l, Feb. 1982.
[10] J. J. Friel, X-ray and Image Analysis in Electron Microscopy, 2nd ed. Princeton Gamma-Tech, 
2003, p. 97.
[11] J. A. Bearden, “X-Ray Wavelengths,” Reviews o f  Modern Physics, vol. 39, no. 1. pp. 78-124, 
1967.
[12] R. A. Serway, C. J. Moses, and C. A. Moyer, Modern Physics, 3, illustr. Cengage Learning, 2005,
p. 600.
[13] Oxford Instruments, “Silicon Drift Detectors Explained,” 2012 ..
[14] A .M . Munro, Effects o f  Surface Chemistry and Electronic Environment on Cadmium Selenide 
Nanocrystal Photoluminescence. ProQuest, 2008, p. 112.
[15] R. A. Brown, J. E. Evans, N. A. Smith, A. Tarat, D. R. Jones, C. J. Barnett, and T. G. G. Maffeis, 
“The effect o f  metal layers on the morphology and optical properties o f  hydrothermally grown 
zinc oxide nanowires,” J. Mater. Sci., vol. 48, no. 14, pp. 4908-4913, Mar. 2013.
[16] Oxford Instruments, “Tru-Q Application Note,” 2 0 1 1 ..
[17] P. J. Statham, “Limitations to Accuracy in Extracting Characteristic Line Intensities From X-Ray 
Spectra,” J. Res. Natl. Inst. Stand. Technol, vol. 107, no. 6, pp. 531-546, 2002.
[18] J.-L. Pouchou and F. Pichoir, “Quantitative Analysis o f  Homogeneous or Stratified 
Microvolumes Applying the Model ‘PAP,’” in Electron Probe Quantitation, K. F. J. Heinrich and 
D. E. Newbury, Eds. Springer, 1991, p. 400.
[19] Oxford Instruments, “INCAEnergy: Applications training notes,” 2009.
Chapter 4: Characterization of Zinc Oxide Nanowires
[20] P. Duncumb and P. K. Shields, “The present state o f  quantitative x-ray microanalysis Part 1: 
Physical basis,” Br. J. Appl. Phys., vol. 14, pp. 617-625, 1963,
[21] K. P. Kirkbride, “Spectroscopic Techniques,” in ANALYTICAL TECHNIQUES, J. A. Siegel, Ed. 
Oxford: Elsevier, 2000, pp. 1 7 9 -1 9 1 .
[22] R. J. Cobley, R. A. Brown, C. J. Barnett, T, G. G. Maffeis, and M. W. Penny, “Quantitative 
analysis o f  annealed scanning probe tips using energy dispersive x-ray spectroscopy,” Appl. Phys, 
Lett., vol. 102, no. 2, p. 023111, 2013.
[23] A. T. Motta, J. A. Faldowski, L. M. Howe, and P. R. Okamoto, “In Situ Studies o f  Phase 
Transformations in Zirconium Alloys and Compounds Under Irradiation,” in Zirconium in the 
Nuclear Industry: Eleventh International Symposium, Issue 1295, G. P. Sabol and E. R. Bradley, 
Eds. ASTM International, 1996, pp. 5 5 7 -5 7 9 .
[24] R. A. Brown, J. E. Evans, N. A. Smith, A. Tarat, D. R. Jones, C. J. Barnett, and T. G. G. Maffeis, 
“The effect o f  metal layers on the morphology and optical properties o f  hydrothermally grown 
zinc oxide nanowires,” J. Mater. Sci., Mar. 2013.
[25] Ocean Optics, “USB 2000+ Optical Bench Options,” 2012. [Online]. Available: 
http://www.oceanoptics.com/Products/benchoptions_usb4.asp. [Accessed: 04-M ay-2014],
[26] Ocean Optics, “Choosing a Grating & Wavelength Range,” 2012. [Online]. Available: 
http://www.oceanoptics.com/Products/bench_grating_u sb.asp. [Accessed: 04-M ay-2014].
[27] Y. C. Kong, D. P. Yu, B. Zhang, W. Fang, and S. Q. Feng, “Ultraviolet-emitting ZnO nanowires 
synthesized by a physical vapor deposition approach,” Appl. Phys. Lett., vol. 78, no. 4, p. 407,
Jan. 2001.
[28] K. H. Tam, C. K. Cheung, Y. H. Leung, A. B. Djurisid, C. C. Ling, C. D. Beling, S. Fung, W. M. 
Kwok, W. K. Chan, D. L. Phillips, L. Ding, and W. K. Ge, “Defects in ZnO nanorods prepared by 
a hydrothermal method.,” J. Phys. Chem. B, vol. 110, no. 42, pp. 20865-71, Oct. 2006.
[29] B. Ha, H. Ham, and C. J. Lee, “Photoluminescence o f  ZnO nanowires dependent on 0 2  and Ar 
annealing,” J. Phys. Chem. Solids, vol. 69, no. 10, pp. 2453-2456, Oct. 2008.
[30] M. Wojdyr, “Fityk: a general-purpose peak fitting program,” J. Appl. Crystallogr., vol. 43, no. 5 
Part 1, pp. 1126-1128, Oct. 2010.
[31] B. Lin, Z. Fu, and Y. Jia, “Green luminescent center in undoped zinc oxide films deposited on 
silicon substrates,” Appl. Phys. Lett., vol. 79, no. 7, p. 943,2001.
[32] P. Xu, “The electronic structure and spectral properties o f  ZnO and its defects,” Nucl. Instruments 
Methods Phys. Res. Sect. B Beam Interact, with Mater. Atoms, vol. 199, pp. 286-290, Jan. 2003.
[33] S. Lima, “Luminescent properties and lattice defects correlation on zinc oxide,” Int. J. Inorg. 
Mater., vol. 3, no. 7, pp. 749-754, Nov. 2001.
[34] K. Vanheusden, W. L. Warren, C. H. Seager, D. R. Tallant, J. A. Voigt, and B. E. Gnade, 
“Mechanisms behind green photoluminescence in ZnO phosphor powders,” J. Appl. Phys., vol.
79, no. 10, p. 7983, May 1996.
[35] F. Li, Z. Li, and F. J. Jin, “Structural and luminescent properties o f  ZnO nanorods prepared from 
aqueous solution,” Mater. Lett., vol. 61, no. 8 -9 , pp. 1876-1880, Apr. 2007.
[36] C.-H. Ku, H.-H. Yang, G.-R. Chen, and J.-J. Wu, “Wet-Chemical Route to ZnO Nanowire- 
Layered Basic Zinc Acetate/ ZnO Nanoparticle Composite Film,” Crysl. Growth Des., vol. 8, no. 
l,p p . 12-19,2008.
[37] G. Song and Y.-T. Yang, “Effects o f  annealing on the photoluminescence o f terbium-doped zinc 
oxide nanocrystalline,” in 27th International congress on High-Speed Photography and 
Photonics, 2007, p. 627962^-62796^-6.
[38] D. Wang and N, Reynolds, “Photoluminescence o f  Zinc Oxide Nanowires: The Effect o f  Surface 
Band Bending,” ISRNCondens. Matter Phys., vol. 2012, pp. 1-6, 2012.
[39] V. Gupta and A. Mansingh, “Influence o f  postdeposition annealing on the structural and optical 
properties o f  sputtered zinc oxide film,” J. Appl. Phys., vol. 80, no. 2, p. 1063, Jul. 1996.
Chapter 4: Characterization of Zinc Oxide Nanowires
[40] S. Chul, Y. Zhang, H. Ruh, H. Lee, H. Shim, E. Suh, and C. Jin, “Low temperature growth and 
photoluminescence o f well-aligned zinc oxide nanowires,” Chem. Phy>s. Lett. , vol. 363, no. 
September, pp. 134-138,2002.
[41] I. Shalish, H. Temkin, and V. Narayanamurti, “Size-dependent surface luminescence in ZnO 
nanowires,” Phys. Rev. B, vol. 69, no. 24, pp. 1-4, Jun. 2004.
Page 75
Chapter 5: Cells and Cell Mechanics
C hapter 5. Cells and Cell M echanics
5.1. Introduction
This chapter will cover all the basic information needed to understand the main
discussion in chapter 8, such as the cell cycle, proliferation, motility, protein adsorption 
and the analysis o f  zinc oxide array surface properties for observation o f  cell-substratum 
interaction. The chapter will start from the ground up assum ing the reader has limited 
knowledge in m olecular biology, such that the com ponents o f  the cell and their 
functions will be initially but very briefly explained before moving onto discuss 
membrane domains and cell polarity (important in cell-substratum  adhesion). Presenting 
the information in an introductory style should help  facilitate rapid digestion for 
engineers and physicists o f literature needed to understand the results chapters.
5.2. The Mammalian Cell
The eukaryote (meaning a cell that has two-m em brane nuclear envelope and
distinct cytoplasmic organelles) cell shown in Fig. 5.1. is the cell type that will be used 
throughout this work and is referred to as a mammal ian when derived from mammals.
Figure 5.1. Diagram o f a typical mammalian cell using in this work, with components labelled. 
Eukaryotic cells range from 1 0 - 3 0  pm in diameter. Adapted from [ I ].
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The mammalian cell is comprised of the following [2 ]:
- Endoplasmic Reticulum & Ribosomes
o These are flattened sheets and tubes o f  membrane that extend the 
cytoplasm close to the nucleus and assist in synthesis o f  lipids and 
proteins, with attached Ribosomes (engaged in prote in synthesis).
- Nucleus
o Separated by an envelope consisting o f  2 membranes. They contain
Deoxyribo Nucleic Aci (DNA) in 23 chromosomal vesse Is, which contain
information to replicate all cell components.
- Lysosomes
o Vesicles that contain enzymes usedfor intracellular digestions.
- Golgi Apparatus
o Stacked, flattened membrane sacs that sort and modify macromolecules fo r  
delivery (via small vesicles) and secretion.
- Mitochondria
o Combine Oxygen and food  molecules to form Adenosine TriPhosphate
(ATP), which is used to transports chemical energy within cells fo r
metabolism.
- Cytoskeleton
o Arrays o f  protein filaments form  networks to give the cell its shape and 
provide the beginning o f  movement. The cytoskeletal network is often 
organisedfrom a pair o f  Centrioles.
- Plasma Membrane
o The boundary between extra and intracellular, a continuous sheet o f  lipid 
molecules about 5 nm thick, with various proteins e mbedded.
5.2.1. The Cell Cycle
Most of the biocompatibility work in chapter 8  will look at the proliferation of 
U-2 OS, an osteosarcoma cell (taken from a tumour o f  the tibia by Ponten and Saksela 
[3]). Therefore, better understanding of the cell cycle and proliferation process, the 
organelles of the cell and some basics o f cell adhe sion and mechanics are the minimum 
requirement for reading the results chapter. Fig. 5.2. shows the cell cycle both in terms 
of the process for an individual cell, and the effect of doubling time on the whole 
culture. The majority of components are continuously replicated throughout the 
interphase period (comprising Gj, S and G2) between cell divisions that comprises 90 % 
of the cell cycle, however, DNA synthesis only occurs for a limited section of the 
interphase, called the S phase for ‘synthesis’ as chromosomes are replicated forming
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two identical sets o f  chromatids. The cell now w aits until it is ready to split, this is 
called the G2 phase for ‘g a p \ Next the M phase for ‘m itotic' as this phase begins 
nuclear division (mitosis) and cytoplasmic division (cytokinesis). W here the daughter 
cell begins the interphase o f a new cell cycle, and begins the G1 phase as it waits to 
begin component and DNA synthesis all over again; the  whole process typically takes 
24 hours [2]. Although it is comm only accepted that the time taken is dependent on 
environmental variables [4],
\
\
\
■►Time
Figure 5.2. Diagrams showing, (A) the Cell Cycle, where (S) is Synthesis, (M) is Mitosis, and (G) is Gap 
Phase; and (B) the Population growth curve for cells in medium. The darker concentric circular arrow 
shows the interphase (comprising G |, S and G2) which comprises o f 90 % of cell cycle time. Adapted 
from [2] and [5].
5.2.2. Population D oubling T im e and C onfluency
Population Doubling Time (PDT) is the time taken to double the population o f 
cells cultured, essentially the proliferation rate o f the cell line and therefore is dependent 
on the cell cycle time. It is often suggested in the  literature that three main parameters 
are required to effectively characterise the proliferation rate (cell growth rate) o f any 
cell line, specific growth rate (p), PDT, lag tim e and maximum  cell density, as per 
M urham m er et al. [6]. It has been reported by M usa et al. [7] that for the majority o f 
osteosarcom a cell lines (included U-2 OS) the proliferation rate increased normally with 
incubation duration until population saturation at 10,000 cells/cm 2; whereby the 
population hits stationary growth phase as shown in Fig. 5.2b.
S ta tio na ry
In te rphase
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Growth in tissue culture vessel typically follows the sine wave in Fig. 5.2b. and 
comprises o f the following components [8]:
- Lag Phase
o Period where no increase in ceil number is seen, as reported by Ville el al.
[9] adherent cells need to attach to the substratum before they can decide 
what to do next, thus introducing lag.
- Log Phase
o Exponential growth occurs here as cells grow at their maximum rate.
- Stationary Phase
o Cell increase is offset by cell death as the supply o f  nutrients has become 
scarce and toxic waste products have accumulated.
- Decline Phase
o Due to prolonged nutrient starvation and exposure to  toxic waste products 
cells begin to die rapidly.
Figure 5.3. Scanning electron micrographs showing typical confluency o f U2-OS cells on ZnO nanowire 
substratum at (A) 4, (B) 24, (C) 48 and (D) 72 hours incubation in M cCoy’s 5A modified medium at 37 
°C 5 % C 0 2. Initial seeding was 1 x 105 cells.
Fig. 5.3. shows change in confluency o f U -2 OS cells on ZnO nanowires over 72 
hours. Cells should be passaged before they are fully confluent att sub 90 % confluency 
to avoid changes in phenotype (cell behaviour and characteristics). The cells in this
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work were never passaged more than 2 0  times, and often for key experiments a frozen 
aliquot would be removed from liquid nitrogen to ensure passage number for 
experiment was < 10. The passage number is important as it has been reported by 
Ferraretto et al. [10] that at > 18 passages CACO-2 osteosarcoma cells exhibited 
different cell shape / spreading area and additional microvilli (brush bristle like 
protrusion from cell membrane which effect cell secretion and adhesion) on cell surface. 
Therefore the cells should be passaged in Figure 5 .3c., where determination of the PDT 
allows an approximation of the right time to sub culture (passage) cells to avoid over 
confluency. Musa et al. [11] determined a PDT of 29.15 hours using an Alamar Blue 
(AB) assay. The AB assay is a tetrazolium-based dye (like MTS) incorporating 
resorufm as an oxidation-reduction indicator that produces a colorimetric change based 
on metabolic activity that can be plate read (see c hapter 6 ) to determine the number of 
live cells present. Using these values and knowledge that population increase is 
exponential in the log phase due to cell doubling; then the cell doubling time (g) can be 
quantified using [8 ]:
Where No is the initial number of cells at time to and N x is the number of cells at 
time tx. Using equation 5,1 and cell counts from a 72 hour MTS assay (see chapter 6 ) 
the PDT for U-2 OS cells in this work was determined to be 21,16 hours and 21.26 
hours for 4000 and 2000 cells seeded, respectively. Knowing the cell lines PDT is vital 
to experiment preparation, but is even more powerful when used to compare PDTs of 
control and sample substrata, where PDT value can indicate cell behaviour due to the 
substratum and other environment factors [1 2 ],
logA* -logTVo
5.3. Cell Adhesion and Mechanics
Understanding the mechanisms behind cell-substratum interaction and adhesion 
is vitally important as it is often reported as the main environmental variable that
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decides if  the cell activates pathways involved in growth, apoptosis, differentiation, and 
motility. This decision process has been best described by Vitte et al. [9] where they 
explain that a recently adhered cell may undergo apoptosis, or remain alive and 
proliferate, or it may remain on the site o f adhesion or may start migrating. While 
several o f these decisions will be investigated in this work, it will likely be difficult to 
efficiently m anage to pursue two areas o f research in tandem, this is why the focus will 
be on substratum surface properties and their correlation with observed cell behaviour 
and proliferation. This will be done by analysing surface properties such as roughness, 
adhesiveness, charge and hydrophobicity to be able to more accurately hypothesise why 
certain behavioural traits are and differences in cell proliferation are observed for 
different substrata. These are therefore fully investigated in Chapter 8 alongside 
proliferation and cell spreading area results.
Glass Substratum
a-lntegrin
and
P-lntegri
Cell Membrane
ZnO Nanowires
Actin Filaments 
w ith  Crosslinks
Adapter Complex 
a-V inculin, Talin 
and a-Vinculin
Extracellular M atrix
Figure 5.4. Diagram o f  cell-substratum adhesion, where focal adhesions are formed when actin bundles 
connect with the substrate via adhesion molecules such as integrin, talin and Vinculin. Note components 
not drawn to scale. Adapted from [ 15].
The process o f  cell adhesion has been investigated by many, and it is generally 
accepted by the research comm unity that the m echanism s used are complex and can 
vary by cell type [13]. W ork by Kasza et al. [14] has indicated that cell-substratum 
interactions are primarily controlled by cell m em brane receptor integrin which is 
attached to the cytoskeleton on the cytoplasmic s ide  as well as traversing the membrane, 
providing a link between the extracellular matrix (EC M ), the cell m embrane and more 
importantly the cytoskeleton. The cytoskeleton is form ed from fibrous bundles o f actin 
filaments and microtubules which are cross-linked providing integrity, these actin 
bundles are adhered to integrin via an adapter com plex, typically reported to comprise
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of Talin, Vinculin and Actinin [15], see Fig. 5.4. The tension between the ECM and the 
cytoskeleton due to changes in substratum topography and roughness has been reported 
by Ter Brugge et al. [16] to alter the cell’s shape, leading to changes in integrin 
formation and interference with intracellular signalling events.
Since integrin signals control the progression of the cell cycle Boudreau and 
Jones [17] have investigated the mechanism of adhesion and its effect on cell structure 
and behaviour, where they hypothesise that the link between substratum surface 
properties and their effect on integrin adhesion and the cytoskeleton may also have an 
effect on gene transcription. Changes to gene transcription (where DNA is copied into 
RNA by RNA polymerase, for selective synthesis of gene product) could affect the 
production of macromolecular parts vital for the ce 11 to function correctly. Therefore the 
effect on substratum properties on cell shape and spreading area will be indicative of the 
health of the cell [18]. This will be investigated extensively in chapter 8 .
5.3.1. Cell M igration
As a lot of the later chapters in this work aim to observe cell behaviour, and cell 
spreading area, proliferation and motility can be adversely affected by changes in 
substratum properties, then the method of cell migration (i.e. the motility of the cell) 
will be discussed. When a cell migrates across the substratum with one edge leading 
with the majority of the cytoplasm, the sections at the rear can remain adhered and get 
drawn into long retraction fibres, see Fig. 5.5b. These can often break suddenly leaving 
behind a fragment of adherent plasma membrane and cytoplasm [2 ]; as observed in in 
Fig, 8.15b. The method of migration is generally accepted to comprise of 3 main 
processes, shown in Fig. 5.5b-e. The leading edge o f  the cell must extend in a single 
direction, where this direction can be determined by any number of environmental 
variables, such as chemotaxis or secretion of cytokines by other cells [19], The leading 
edge must adhere to the substratum and then pull along the rest of the cell in the 
direction of the leading edge. It is generally beli eved that a Brownian ratchet motion for 
actin filaments is used to drive cell locomotion in the direction o f the leading edge, 
where actin filaments are constructed by polymerisation [20]. Filipodium often protrude 
from these leading and retracting edges of the cell sensing the environment; however 
they cannot be seen in Fig, 5.5e. as filipodia are normally 100 - 200 nm in diameter with 
no taper [2 1 ].
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Extension
________
Adhesion
Figure 5.5. Diagram o f  cell (A) locomotion cycle, showing (B) Extension, (C) Adhesion and (D) 
Contraction. Orange coating on ZnO nanowire substratum is ECM and red lines are Actin bundles. (E) 
Scanning Electron Micrograph o f  U-2 OS showing the contraction fibre opposite side of  the leading edge. 
Adapted from [2].
As discussed earlier, a cell has several decisions to make once it has adhered to 
the substratum and that the surface properties often effect this decision. However, the 
complex nature o f attributing single variables as the cause for certain  aspects o f cell 
behaviour makes investigation o f  cell m echanics somewhat difficult. It can also not be 
easily concluded that a motile cell is a healthy one as Ayala et al. [22] have reported that 
cell motility is inversely proportional to cell surface area; an aspect o f cell behaviour 
extensively researched in this work, see Fig. 8.28.
5.3.2. The Role of a-V inculin  in A dhesion C om plexes
Im m unocytochemisty (fluorescence microscopy) and Im m unogold (Scanning 
Electron M icroscopy, SEM ) were conducted to better understand the formation o f focal 
adhesions on ZnO nanowires. a-vinculin antibodies were used to  identify where focal 
adhesions are made on ZnO nanowire arrays o f different m orphology and surface 
properties as well as a glass coverslip control. This decision w as made as [23] reports 
that vinculin is under low force in contracting focal adhesions (see Fig. 5.5d.) at the 
trailing edge o f m igrating cells, but conversely also required ito stabilize adhesions 
under force. Since vinculin appears to be vitally important under both extension and
Contraction
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contraction forces it would likely provide more inform ation than observing actin alone. 
Therefore, Fig. 5.6. shows a diagram o f  the m icroscopic structure o f a single focal 
adhesion, where the interior domains o f  integrins attach to actin stress fibres via linker 
proteins (vinculin and talin) and the exterior dom ains o f integrin bind with ligands to 
form integrin-ligand bonds between cell surface and substratum, forming the focal 
adhesion [24], The focal adhesion adapter complex is  shown in Fig. 5.6. and 
mechanically couples the actin filament cytoskeleton to the cytoplasmic portion o f  the 
integrins (that traverse the membrane and adhere to the ECM ). The adaptor complex 
contains actin-related molecules such as vinculin, talin and pallaxin, as well as 
signalling m olecules that promote stim ulus-response coupling [25].
As previously discussed, the process o f  cell m igration is dynamic and ever 
changing to environmental variables that involves th e  continuous formation and 
m aturation o f substratum /extra cellular matrix (E C M )-cell adhesion sites. The 
formation o f  focal adhesions due to differences in substratum properties ideally needs to 
be accessed in this work by both IEM and IF, as a substantial amount o f literature exists 
for investigation o f focal adhesion with im m unofluorescence. Strieker et al. [26] 
fabricated an array o f  1 pm diam eter fibronectin circles separated by 2 pm  on a 
substrate to promote U-2 OS cells to form focal adhesions at these circles. W hat they 
found was that actin bundles term inated at vinculin-rich focal adhesion that were co­
localised with the array o f fibronectin circles. S trieker et al. observed these results by 
conducting imm uno-fluorescence o f vinculin where a control substratum completed 
coated in fibronectin was used to show vinculin distribution throughout the cell body.
Actin
Vinculin Focal Adhesion 
/  Kinase
^  Paxillin
Talin
Figure 5.6. Diagram showing formation o f  focal adhesion and intercellular adaptor complex, where 
Vinculin can be seen to attach actin filament to Talin. Adapted from [27].
Chapter 5: Cells and Cell Mechanics
It has been reported by Scheider [28] that by coating microstructures with fibro­
nectin (bioactive substance that promotes adhesion) cells bind differently to different 
area of topography. They observed this by labelling cell with anti-vinculin antibodies 
conjugated with Gold colloids to allow high resolution analysis on the electron 
microscope. IEM is the most likely technique this work will take when investigating 
focal adhesions. However, Baxter et al. [29] have investigated the extent of cell 
spreading by observing the location and intensity o f  focal adhesions assessed by the 
amount of vinculin labelling. Something similar could be done in tandem with IEM in 
this work.
5.4. Summary
This chapter has introduced molecular biology to the reader starting with the 
components of the mammalian cell, working onto the cell cycle and determination of 
population doubling time. Cell migration and focal adhesion were the next important 
topics and it is hoped that this brief introductory chapter has given the reader sufficient 
background for the analysis of the following results chapters.
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6.1. Introduction
This chapter will discuss the techniques, procedures and protocols used to
investigate the biocompatibility of ZnO nanowires with U-2 OS cells as well as in depth 
analysis of cell-substratum interaction due to substratum surface properties. These areas 
will be covered in the following order:
SEM and Cryo SEM of Cell Behaviour
- ImmunoGold SEM of Cell-Substratum Interaction
- Promega’s MTS Assay
- Invitrogen’s LIVE DEAD Assay
- Analysis of Substratum Surface Properties
o Roughness and Adhesion (AFM) 
o Wettability (Contact Angles) 
o Charge (Zeta Potential)
Typically in all (cell related) experiments U-2 OS cells were cultured in 
McCoy’s modified 5A medium supplemented with 10 % fetal bovine serum, 1 % 
penicillin/streptomycin (antibiotics used to prevent bacterial contamination of the cell 
culture) and 1 % glutamine (an amino acid, a cellular energy source). Cells were 
incubated in a 5 % CO2 environment at 37 °C in T75 Coming flasks. Once a -90%  
confluency was obtained cells were trypsinized, centrifuged, pellet re-suspended and 1 0  
pi added to an automated cell counter (TC10, Bio-Rad) with Trypan Blue for live cell 
concentration. The 49 -  64 mm glass substrates were washed twice in 100 % ethanol 
then PBS prior to being added to the 48-well plate. Cells were carefully pipetted on top 
of the substrate and allowed 2 minutes to attach before being supplemented with 500 pi 
fresh media as suggested by Francis et al. [1]. Plates were incubated at 37 °C in 5 % 
CO2 for 72 hours and cell populations at 0 hours were 2000 and 8000 cells taken from a 
2.5 xlO5 /ml stock solution.
Fig. 6,1. shows the TC10 automatic hemocytometer determining live cell 
concentration, once a known concentration of cells per ml o f medium was found the
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amount o f solution to seed the required amount o f cells  could be determined using 
equation 6.1 [2].
CjV, — (6.1)
W here C is the num ber o f  cells per unit volum e and V is the volume, 1 
represents the known (i.e. values obtained from using a hem ocytom eter) while 2 
represents the required values. This equation is a lso  vital when diluting stock solutions 
for micro biology assays, as they are often o f high concentration for storage. Once the 
cells have been cultured for the desired amount o f time (72 hours in the m ajority o f 
experiments) they will be used for various experim ents, the details o f which with be 
discussed in the appropriate sections.
Figure 6.1. Light Microscopy image o f  re-suspended U-2 OS cells taken in TCIO. Cells containing 
Typan Blue (a cell impermanent stain) are assumed necrotic and not counted allowing a more accurate 
cell concentration to be obtained for seeding / experiments.
6.2. Scanning Electron Microscopy (SEM) of Cells
Fixatives are used to preserve the cytoplasm ic structure o f  a cell to allow  the 
cells shape or components within the cell to be investigated without worry that the cell 
will denature (change shape), detach or even fragm ent due to the hypotonic nature o f 
some solutions used to dye a cell. In this work the effect o f  different fixatives was
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investigated, where it was found that 4 % paraformaldehyde in sodium cacodylate 
buffer yielded the least perturbed cells, with fillipodium still well preserved. The 
protocol was well refined and for normal SEM examination the substrata would be 
removed after the cell culture period (typically 72 hours) and washed twice in pre­
warmed Hanks Balanced Salt Solution (HBSS) for 2 minutes each before being fixed by 
immersion in 4 % paraformaldehyde in sodium cacodylate buffer for 10 minutes at 
room temperature. Excess fixative was removed with a 2 minute de-ionized water wash 
at room temperature, followed by immersion in a graded ethanol series (70%, 80%, 
85%, 90%, 95% and 100%) for 5 minutes in each before allowing the sample to air dry 
ready for imaging. HBSS was used instead of Phosphate Buffer Saline (PBS) as it has 
been reported by Francis et al. [1] to reduce the amount of artifacts seen when imaging. 
Samples were then imaged at 1 - 5 kV with SEM (Hitachi S4800) with no metal 
coating, nor negative staining with uryl acetate, nor oxygen enrichment via post fixation 
with osmium tetraoxide (OsC>4); as none of these procedures were required and so no 
additional artifacts were introduced to the images.
The literature shows that post fixation with OSO4 destroys actin filaments [3] 
impacting the shape of the cell which is vitally important in predicting cell behaviors 
such as Viability, Migration, Proliferation and Differentiation [4]. It is also well known 
that the ethanol dehydration process can shrink cellular material [5], it was therefore 
determined that 5 minute immersion in each ethanol-water solution yielded the most 
ideal results. 5 minutes was found to be sufficiently long enough as to not perturb 
surface detail, yet short enough to avoid too much shrinkage (cryoSEM used for 
comparison). However, in some situations where no alternative was available (glass 
cover-slip control) the cells would need to be coated in metal to stop excessive charging 
on the sample, as discussed in chapter 4. This section shall discuss how samples were 
handled for fixed cells, Cryo frozen cells and ImmunoGold cells containing 5 nm Gold 
colloids.
6.2.1. Metal Deposition
Following the above procedure cells were dehydrated and dried in air ready for 
SEM analysis, typically at 1 -  5 kV. However, it was often the case that samples would 
show signs of ‘charging’ as discussed in chapter 4. If increasing the working distance
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and tilting the sample towards the lower detector does not reduce the amount o f 
charging then samples were often coated with a thin (17 nm) layer o f  gold. Fig. 6.2a. 
shows a 10 pm section from a Bovine Uterus explant showing a  lumen, where severe 
area charging at 1 kV due to having a non-conductive sample on an insulating glass 
microscope slide. Fig. 6.2b. shows the same lumen as before but now the sample has 
been coated with a thin layer o f  gold, now all contrast is sample contrast and not due to 
charging, as discussed in section 4.2.5.
Figure 6.2. Scanning Electron Micrographs showing changes in contrast due to area charging in the 
section o f  a Bovine Uterus Explant, where (A) is not coated and (B) is coated w ith a 17 nm layer o f  gold.
Although it appears that if  such area charging artifacts could be avoided then all 
samples should be coated in Gold, the coating process can also introduce considerable 
amount o f  artifacts into the image. Fig. 6.3a. shows the collagen fibrils o f  a Bovine 
Tendon Explant, where ridges can just about be made out in one or two fibrils, as well 
as clusters o f glycoproteins. Fig. 6.3b. shows the sample coated with a thin layer o f 
Gold where ridges can now be clearly seen in all fibrils, allow ing m easurem ent 
yielding a periodic ridge-groove spacing o f  64 ±10 nm. This is sim ilar to that reported 
by Yamamoto et al. [6] who found a ridge-groove spacing o f 63 and 67 nm for cornea 
and sclera collagen Fibrils, respectively. It can be seen how beneficial this additional 
metal layer is to the acquisition o f  quantitative data for analysis. However, the coating 
o f glycoprotein clusters in gold has resulted in a considerable degree o f  artifact creation, 
with random lump and shapes o f  gold around the collagen fibrils. The decision to 
sputter coat a metal layer onto a sample therefore depends on the level o f  detail or 
m agnification required in the current experiment.
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Figure 6.3. Scanning Electron Micrographs showing changes in surface detail due to metal coating in a 
Bovine Tendon Explant, where (A) is not coated and (B) is coated in a 17 nm thick layer o f  gold.
6.2.2. C ry o S E M
The introduction to this section discussed the shape changing effect o f sample 
fixation, this needs to be discussed further. The literature often debates fixation, 
however it is widely accepted that it is the time taken for form aldehyde to form cross­
links that dictates whether the sample will withstand the stress o f dehydration [7]. If the 
experiment requires detailed observation o f cell-substratum  interaction and cell 
behaviour (via analysis o f cell spreading area) then an alternative to cell fixation for 
SEM is the use o f  a cryo stage. This allows frozen sam ples to be maintained at 
temperatures as low as minus 192 °C by passing nitrogen gas through a liquid nitrogen 
heat exchanger and then through the cryo stage within the SEM chamber. Use o f a cryo 
stage allows samples to be rapidly frozen in liquid nitrogen then transferred and their 
temperature m aintained on the cryo stage for imaging. The cryo stage can also be 
tem perature adjusted with a built in heater allowing the tem perature o f  the cryo stage to 
be raised to about m inus 90 °C to sublimate ice from the sample surface.
Fig. 6.4a. shows an Ishikawa cell on ZnO nanowires straight after loading with 
the cryo stage held at the operating tem perature o f minus 192 °C. Here the nanowires 
appear clustered due to the coating o f  ice on their surface, and the cell m embrane 
appears strangely textured with significant area charging. A lthough the samples are 
blotted prior to freezing in liquid nitrogen, and the transfer from liquid nitrogen to the 
preparation cham ber (which contains another cryo-stage for sublim ation, cleaving tools 
and a sputter coater) is done in a sealed chamber to m inimise exposure to air moisture, 
ice is still formed. Fig. 6.4b. shows the same cell post sublim ation at minus 90 °C for 10 
minutes, where nanowires can m ore clearly be defined. Sublim ation can also be useful
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in removal o f certain biological materials, often certain com ponents o f the extra cellular 
matrix (ECM ) have different sublim ation etching rates, and so heavy sublimation can 
lead to removal o f material enhancing definition / clarity o f an image.
Figure 6.4. Ciyo Scanning Electron Micrographs o f  an Ishikawa cell on ZnO nanowires, (A) before and 
(B) after sublimation at -90 °C for 10 minutes.
Fig. 6.5b. shows a Cryo-SEM  image o f Bovine Tendon Collagen Fibrils, where 
the ECM has been rem oved via sublim ation leaving behind only the Collagen Fibrils. 
This is because non-m em braneous organelles or formed com ponents such as 
m icrotubules / actin filaments can be revealed by ‘deep etch ing ’ sublim ation as it is 
often reported that flexible m olecules (e.g. mucin, protein that forms gels for 
lubrication) would be easily affected by sublimation [8].
Figure 6.5. Ciyo Scanning Electron Micrographs o f  Collagen Fibrils from a  Bovine Tendon explant, 
where, (A) is before and (B) after sublimation at -90 °C for 10 minutes.
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6.2.3. Im m une E lectron M icroscopy (IEM )
Imm unoElectron M icroscopy (IEM ) often called Im m unoG old labeling as the 
process involves application o f antibodies to the perm eabilised cells to localize an 
antigen, followed by subsequent conjugation o f the antibody (i.e. attachment) with a 
gold colloid [9]. This specific targeting works because antibodies (also known as 
Imm unoglobulin) are large Y-shaped proteins used by the immune system to detect and 
identify foreign objects, tagging a unique part o f the cellular com ponent (called a target) 
with an antigen [10], see Fig. 6.6a. W here Im m unoglobins (Ig) act on pathogens by 
agglutinating them (or clum ping particles together), opsonizing them and activating 
reactions against them [11]. Opsonization is the process o f  coating foreign particles with 
an antibody ready for recognition and ingestion by an phagocytic cell [12]. By using 
antibodies to target specific cell components then conjugating these antibodies with 
Gold colloids, areas o f  interest can be easily seen because o f  the change in SEM image 
contrast due to the difference in Z num ber between a cell and gold.
Figure 6.6. Diagrams showing (A) a typical IgG antibody and (B) the indirect ELISA process. In (B) the 
secondary antibody targeting the primary can be conjugated with either a colloid or an enzyme used to 
yield a coloured product for colourimetric assay and Immunofluorescence, marked by an asterisk. 
Adapted from [13].
Fig. 6.7. shows a backscattered electron image (BSE detector is Z num ber 
sensitive, see chapter 4) o f a fillipodium from a single U-2 OS cell on ZnO nanowires 
(seen as high contrast, high Z num ber hexagons) w ith even higher contrast (higher Z 
number) 5 nm gold colloids; indicated by white arrow s for clarity. Here image contrast
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is derived from electron density and atom ic weights (i.e. Z number) rather than 
topographical inforrr ation; allowing clear distinction between low contrast carbon 
‘background’ o f the U-2 OS cell membrane, ZnO nanowires and high contrast gold 
colloids conjugated to anti-vinculin antibodies. These colloids w ere confirmed to be 
within the m em brane as they are hard to distinguish using the  secondary electron 
detector and the sample was also imaged in cross-section; see appendix IV.
It was discussed previously that an antigen attaches to the pathogen and an 
antibody targets the antigen, while this is true it is not the m ethod used by enzym e- 
linked im m unosorbent assays (ELISA) in this case as a primary and secondary antibody 
were used. W here the secondary targets the primary, this is called indirect ELISA [13], 
see Fig. 6.6b. For Fig. 6.7. the primary antibody, anti-vinculin (from mouse)* 
concentration was 1:100 and secondary antibody, anti-m ouse (from goat)* conjugated 
with 5 nm gold colloids concentration was 1:30. *W here the species the antibody is 
raised in detennines selectivity, allowing multiple components (typically two) to be 
targeted in a single assay as long as all species used for culture are unique.
Figure 6.7. Backscattered Electron Micrograph showing multiple 5 nm gold colloids within the 
lamellipodium of a U-2 OS cell; as indicated by white arrows. Notice how BSE images allow distinction 
between gold and zinc oxide as two colloids can be observed above the [000 1] facet o f  a ZnO nanowire.
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To obtain the sample imaged in Fig. 6.7. the following protocol was used:
- Remove Media and Rinse in ‘pre-warmed’ HBSS x2 [at 37 °C]
- Fix Cells with 4 % PFM [5 minutes at Room Temperature (RT)]
- Wash in PBS x3 [at RT]
- Permeabilise with 0.1 % Triton-XlOO in PBS [5 minutes at RT]
- Wash in PBS x3 [at RT]
- Blocking with 1 % BSA in PBST [30 minutes at RT]
- Incubate Primaries in 1 % BSA in PBST overnight [12 hours at 4 °C] 
(humidified)
- Wash in PBS x2 [at RT]
- Incubate Secondaries in 1 % BSA in PBS [1 hour at RT]
- Wash in PBS x2 [at RT]
- Immerse in Dist. Water x l [5 minutes at RT]
- Ethanol Series Dehydration [70, 80, 90, 95 and 100 % - 5 minutes each at RT]
- Air Dry [1 hour at RT]
This protocol was refined over several experiments of trial and error as well as 
many concentration plates for Primary and Secondary antibodies to determine optimum 
concentrations. Primary no Secondary and Secondary no Primary controls were also 
conducted to confirm results obtained were not false positives due to non-specific 
binding of antigens. Immunogold can be used to target multiple proteins, as colloidal 
gold markers can be purchased in 5, 10 and 20 nm diameters easily allowing one to 
differentiate between two or more different antigens on a single sample, typically one 
with a small gold marker and one with a larger one [14]. Due to the size of gold markers 
U-2 OS cells were permeabilised with a high concentration (0.1 %) of Triton-X in PBS 
and blocked with 1 % Bovine Serum Albumin in PBST (0.05 % Triton-X), to allow 
sufficient permeabilisation for gold colloids as per Bozzola and Russell’s protocol [15]. 
Imaging of leading ends of the fillipodia was diffi cult due to beam interaction and area 
charging, and unfortunately a metal coating could not be used as it would mask the 5 
nm gold colloids; therefore SEM does have its limitations for certain aspects of life 
sciences.
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6.3. Viability Assays
Two commercially available off the shelf assays, Promega’s MTS and Invitro-
gen’s LIVE DEAD were used to determine ZnO nanowire biocompatibility with U-2 
OS cells. In both sets of experiments cells were cultured for 72 hours on ZnO nanowire 
substrata along with glass and no substratum (well only) controls and assay reagents 
introduced at 72 hours ( 6 8  hours for MTS as incubation period 4 hours). 72 hours was 
chosen as it was the maximum limit for the cells in a 48 well plate with 500 pi of 
medium, as the PDT was determined to be on average 21.2 hours, in chapter 5. 
Culturing cells for longer than this period with glass control cover slips led to 
considerable changes in cell population medium change, likely due to tweezers and 
Gilson’s. The following sub-sections will discuss both assays and their protocols with 
problems discussed towards the end of this section.
6.3.1. Promega’s MTS Assay
To test the viability of U-2 OS cells on ZnO nanowires different array 
morphologies were grown by adjusting the ratio of precursor chemicals, yielding two 
significantly different substrata called 2:1 and 1:1 due to their precursor ratio. The 
importance of this ratio and the difference in surface properties will be discussed in 
chapters 7 and 8 , respectively. As discussed in the introduction, U-2 OS were seeded on 
2:1 and 1:1 nanowires, a glass control and a well only control and cultured in McCoy’s 
modified 5A medium for 72 hours in a 5 % CO 2 environment at 37 °C. Cell populations 
were 2000 (Low) and 8000 (High) cells, typically taken from 2.5 xlO4 cells/ml stock 
solution obtained after passaging a sub-confluent T75 Coming flask culture. Due to the 
adherent nature of U-2 OS, the 49 -  64 mm 2 glass substrates were added prior to 
seeding of the cells in the 48-well plate; however, each substratum was cleaned in 100 
% ethanol prior to being added to the 48-well plate to prevent contamination.
The response of cells to the addition of hydrotherm ally grown zinc oxide 
nanowires has been experimentally examined by observing the activity of the 
mitochondrial enzyme succinate dehydrogenase (SDH) in U-2 OS Cells. After a 
specified incubation period (0, 24, 48 and 72 hours) specimens were not removed from 
the wells and 50 pi of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 
2-(4-sulfophenyl)-2H-tetra-zolium; Promega) solution was added to each well, (except
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for media controls used for background removal) and then re-incubated for 4 hours. 50 
pi was found after several assays to be sufficient for the amount o f cells present, as 
following Prom ega’s 1 suggested 20 pi / 100 ml for a 96 well plate alw ays led to an 
excess o f MTS at 388 nm, see Fig. 6.9b. 500 pi o f m edium  was used in each well as this 
was the upper medium volume limit for a 48 well p late to still enable gaseous diffusion 
through the liquid, as per equation 6.2 [16].
\ a \ t/ / (0 .2-0 .5) Volume (m l)Media ( Mm - Ma x )  Volume = -      (6.2)
Well Area {cm2)
Figure 6.8. Image o f  change in well colour due to addition and incubation of  50 pi MTS and its 
conversion into purple Formazan dye after 4 hours incubation at 37 °C 5 % C 0 2.
MTS is part o f a family o f  tetrazolium  based solutions used to examine the 
proliferation o f cells. The MTS solution was used as  it is bio-reduced by cells into 
formazan dye that is soluble in tissue culture m edium , whereas others variants are 
typically non-soluble. Berridge and Tan [17] have reported that this conversion can only 
be accom plished by SDH enzymes in metabolically active cells, and therefore when the 
optical density o f the formazan dye (absorbance peak -4 9 2  nm) is measured it directly
1h t tp : / /w w w .p r o m e R a .c o m /~ /m e d ia /F i l e s /R e s o u rc e s /P r o to c o l s /T e c h n ic a l% 2 0 B u l l e t i n s /0 /C e l lT i t e r % 2 0 9
6 % 2 0 A Q u eo u s% 2 0 0 n e% 2 0 S o lu t io n % 2 0 C e l l% 2 0 P ro l i f e r a t io n % 2 0 A ss a v % 2 0 S v s te m % 2 0 P ro to c o l .a sh x
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relates to the num ber o f live cells in each well. The M TS solution is far superior to 
previous tetrazolium based reagents as it elim inates the necessity to solubilise the 
formazan dye after incubation (required for M TT, X T T  etc) reducing errors, as SDH 
converts MTS into a stable media soluble form azan dye as reported by Goodwin et al.
[18] omitting the solubilising step and yielding m ore accurate results. Although this was 
the case the plate was still shaken softly for 1 m inute at room tem perature in a double 
orbital to assure formazan was uniformly distributed throughout the media, before 
reading the plate with a plate reader (FLUOstar O PTIM A , BM G Labtech) for photon 
absorbance at a wavelength o f 490nm. Fig. 6.8. show s a typical plate after 4 hours 
incubation with M TS, where differences in cell concentration can be observed by a 
change in the amount o f purple dye present in each well.
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Figure 6.9. Graphs show (A) the Optical Density o f  MTS (yellow vertical line) and Formazan (purple 
vertical line) dyes for 8 samples, acquired from 4 sets o f  triplicates (n=l2); and (B) the effect of  MTS 
concentration on spectra (200,000 cells). The data from (A) is used to determine a calibration gradient to 
allow any future OD value (only for 4 hours incubation in 48 well plate) to be read off as cell number.
Four 48 well plates were made for time points at 0, 24, 48 and 72 hours; the 
experiment being repeated 4 times for statistical significance. Since the MTS reagent 
required 4 hours incubation the initial time point is 4 hours not 0, whereas all other time 
points had MTS added 4 hours prior to their end point (i.e. 20, 44 and 68 hours). 
Substrata were removed for plate reading as the p late reader has its excitation source 
and emission detector on opposite sides o f the plate (i.e. top and bottom). Removed
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substrata were fixed and dehydrated as stated above in preparation for SEM analysis to 
confirm MTS results, yielding Fig. 5.3.
Fig. 6.10. shows a simplified and labelled version o f Fig. 6.8. that explains what 
wells are used to obtain control values o f optical density. The ‘ Well O nly’ control is 
used to confirm that the cell PDT is conform ing to the as derived calibration curve. The 
main two controls are a ‘M edia O nly’ control that does not contain M TS, and a ‘No 
Cell' control that contains M TS; where these controls allow  the background 
contribution from the medium and MTS at 490 nm to be rem oved, respectively. Their 
contribution to absorbance at 490 nm can be clearly seen as the tw o dashed lines in Fig. 
6.9. where the black line shows a ‘No C ell’ control and the pink line a ‘M edia O nly’ 
control. These values can be used to remove the background contribution to real data 
increasing the accuracy o f  results; using Equation 6.3. and these controls cell survival 
rate can be determ ined [19].
Media Control
No Cell Control
(2000 cells) 
Condition Wells 
(8000 cells)
Figure 6.10. Diagram shows the typical layout of  an MTS Assay in a 48 well plate, similar to the 
photograph shown in Fig. 6.8. Here experiments are run in duplicate for 3 samples. Media controls (no 
MTS) and No cell controls (with MTS) are used to determine survival rate, equation 6.3.
The MTS assay provides ample information to determine the biocom patibility o f 
ZnO nanowires, however, since M TS counts only the LIVE cells it is unable to 
distinguish between reduction in cell number due to cell death or reduction o f 
proliferation rate (increase o f PDT). Due to this lim itation it is often suggested in 
literature that a lactose dehydrogenase assay (LDH) should be conducted in tandem to 
confirm if necrosis is reducing proliferation or just adverse condit ions inhibiting mitosis 
keeping cells in their lag phase. This is because cells contain LDH and it is only
— oo—— oo—oooooooo
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released upon cell death. Smith et al. [19] present a thorough MTS/LDH based protocol 
to determine if reduced proliferation is due to growth inhibition or cell death , and this 
should be conducted if the work were repeated; which will be discussed in chapter 9.
. 7/n/x (  Sam ple-M edia \Survival (%) = ---------—------------------ xl 00 (6.3)
y Neg.Control -  Media J
6.3.2. Invitrogen’s LIVE DEAD Assay
Invitrogen’s LIVE DEAD assay was used to support MTS results as it can easily 
distinguish between reduction in total cell number due to increased cell death or 
reduction in proliferation rate; this is because numbers for both LIVE and DEAD cells 
are recorded, yielding a live cell percentage. As results are highly sensitive to handling 
of the substrate (unlike MTS due to its colourific nature), it was found that removal of 
the substrata using curved tweezers yielded less contribution to dead cell % due to 
rough handling as it was less likely to crush cells. This was because the glass cover slip 
substratum could be lifted from the solution by its edges, rather than clamping either 
side as was often done with straight tweezers.
The LIVE DEAD assay uses CalceinAM a cell permeable non fluoresencent dye 
to determine live cell number as fully functioning cells will convert calcein 
acetomethoxy (AM) to calcein a cell impermeable green fluorescent dye (494 nm 
Excitation / 517 nm Emisson)2. This is done by removal of the AM group within the cell 
via intercellular esterases, which is a hydrolase enzyme that splits esters into acid and 
alcohol by hydrolysis. Calcein is an ideal dye as it  is self quenching at concentrations 
below 100 mM [3], where 0.6 -  1 pM was used in this work, meaning background 
intensity of unwashed away calcein will be insignificantly low. Again, as with MTS the 
requirement of active enzymes means that only live cells will produce intense uniform 
green fluorescence in live cells. Ethidium Homodime r-1 (EthD-1) is a cell impermeable 
red fluorescent dye that has a high affinity for nucleic acid and is weakly fluorescent 
until bound to DNA (528 nm Excitation / 617 nm Emission) 2 to determine cell death via 
the condition of the cells cytoplasmic membrane. This is because both the process of 
necrosis and apoptosis causes the cells membrane to break down allowing cell
2 w w w .l i fe tech no loe ie s .com /ord er /ca ta log /product /L 3224?IC ID = search-produ ct  (',
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impermeable dye transit from extracellular to intracellular environm ents. Therefore, 
data obtained from the LIVE DEAD assay allows more detailed analysis and 
interpretation o f results, as well as by yielding cell numbers for both live and dead cells 
as can be seen in Fig. 6.11.
Figure 6.11. Immuno-fluorescence micrographs showing Invitrogens LIVE DEAD Assay applied to live 
U-2 OS cells on ZnO nanowires 72 hours after seeding, where live and dead populations are determined 
using ImageJ [20] NIH image processing software. Here (A) is CalcienAM, (B) is EthD-l and (C) is a 
merge o f  (A) and (B) with ImageJ’s determination of  LIVE and DEAD cells.
For the LIVE DEAD assay cells were cultured on ZnO nanowires for 3 days as 
mentioned frequently before, however this assay is a live cell assay and is done with 
live unfixed cells (to allow CalceinAM  to hydrolyze via esterase enzymes). Stain stock 
was made in pre-warm ed PBS using the optim ised concentrations:
0.15 pi per 1 ml from 4 mM Calcein stock gives 0.6 pM  well concentration 
1 pi per 1 ml from 57 mM DAPI stock gives 57 pM well concentration*
1 pi per 1 ml from 2 mM EthD -l stock gives 2 pM well concentration 
* The high concentration o f DAPI (4',6-diam idino-2-phenylindole) used was due 
to problems with the assay and the significant difference intensity levels for DAPI 
between live and dead cells on ZnO nanowires; this will be discussed next.
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6.3.3. P roblem s and L im itations
Unfortunately there were many problems faced when using an opaque substrate 
in a microbiology laboratory, though the majority o f  problem s were from the 
standardization o f inverted microscopes. The ZnO nanow ire substrata often needed to 
be flipped upside down in the wells to allow fluorescence microscope to obtain an 
image. This lead to all manner o f focusing problem s, such as in Fig. 6.15. where the 
glass cover slip has snapped and so two parts o f  the  image sit at two different focal 
planes. G E’s IN Cell 2000 microscope was finally adopted as the only m icroscopy used 
in this work since it had laser auto focusing that could detect the diffraction change at 
the interface between two different phases (i.e. so lid  cells and liquid m edium )3. After 
much trial and error protocols were saved that told the system to hunt for this interface 
(red triangle in Fig. 6.12.) with laser autofocus before running through several 
exposures at difference Z-heights either side o f the  auto focused Z-height to obtain the 
best image. The whole process was very time extensive.
ZnO N a n o w ires  
on  Glass 
s u b s t r a tu m
M e d iu m
/
M o n o la y e r  of  
U-2 OS Cells
f t
4 8  well 
p la te
O b jec t iv e  len s
Figure 6.12. Diagram show ing the flipping o f  cell substratum in the well to allow correct focusing o f  the 
GE IN Cell 2000 software, which is an inverted m icroscope system.
Fig. 6.11. shows a typical image from a LIVE DEAD assay (typically 10 -  15 o f 
these were taken at random  from each well o f triplicate for each sample) where ImageJ 
had to be used to m easure calcein and EthD-l intensity as G E ’s ‘w orkstation’ software 
was unable to work effectively without a hom ogeneously even staining o f  DAPI for all 
cells. Unfortunately, it was found that both DAPI and Hoechst 33342 (specifically for 
live cell u se )4 would produce much higher intensity emission when bound to the nucleic 
acid o f dead cells. It was assumed that this was due to dead cells offering additional
3 w w w .g e l i f e s c i e n c e s .c o m /w e b a p p /w c s / s to r e s / s e r v le t /p r o d u c tB v ld / e n /G E L if e S c ie n c e s - U K /2 9 0 2 7 8 8 6
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binding time due to there being no cell membrane to traverse. W hatever the reason dead 
cells yielded higher intensity DAPI emission, and since the autofocusing protocol could 
only be set up to autom atically focus on the highest intensity then live cell nuclei would 
often be out o f focus; and due to their lower intensity G E ’s workstation would often 
dismiss and ignore these cells, yielding skewed results. Time was never spent to further 
optimize nucleic acid counter staining as ImageJ was happy to distinguish cells based 
on intensity levels from both dyes regardless o f  DAPI contribution.
Figure 6.13. Immuno-fluorescence micrographs showing the problem with Hoechst 33342 counter stain 
with U-2 OS on ZnO nanowires 72 hours after seeding, where (A) is DAPI, (B) is CalceinAM and (C) is 
a merge o f  (A) and (B). Notice how in (A) live cell DAPI is a much lower intensity than for dead cells. 
Note that the result was the same for Hoechst 33342.
6.4. Im m u n o c y to c h e m is try
Immuno Electron M icroscopy was discussed first as it is featured much more 
predominantly in this thesis than Im m uno-fluorescence M icroscopy, this is mainly due 
to the much larger m agnification range available, (see Fig. 4.2.) allowing more detailed 
analysis o f  cel 1-substratum interaction. However, it is also partly to  do with the focusing
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problem discussed in Fig. 6.12., where Fig. 6.15. more accurately describes this 
problem. Fig. 6.14. shows U-2 OS cells after 72 hours incubation on ZnO nanowires, 
where the actin filan ents have been targeted by prim ary antibodies (raised in Mouse) 
and marked with FITC fluorescent dye (green emission) conjugated to secondary 
antibodies (raised in Goat). However, even at 40x m agnification the detail is insufficient 
for detailed analysis.
25um
Figure 6.14. Jmmunofluoresence image o f  (A) DAPI and (B) FITC (AntiActin) where (C) is merge, 
experiment with U-2 OS cells on ZnO nanowires after 72 hour incubation.
To obtain the sample imaged in Fig. 6.14. the following protocol w as used:
- Remove M edia and Rinse in ‘pre-w arm ed’ HBSS x2 [at 37 °C]
- Fix Cells with 4 % PFM [10 minutes at 4 °C]
- W ash in PBS x3 [at Room Tem perature (RT)]
- Permeabilise with 0.05 % Triton-X 100 in PBS [5 m inutes at RT]
- W ash in PBS x3 [at RT]
- Blocking with 5 % Goat* Serum in PBS [30 minutes at RT]
- Incubate Prim aries in 1 % BSA in PBS overnight [12+ hours at 4 °C]
- W ash in PBS x2 [at RT]
Page 105
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- Incubate Secondaries in 1 % BSA in PBS [1 hour at RT]
- Wash in PBS x2 [at RT]
- Counter stain Nuclei with DAPI [2 m inutes at RT]
- W ash in PBS x3 [at RT] leaving cells in final wash for im aging
* Goat serum used to block non-specific binding as the secondary used raised in goat.
50um
Figure 6.15. Immuno-fluorescence image of  (A) DAPI and (B) FITC (AntiActin) where (C) is merge, 
experiment with U-2 OS cells on ZnO nanowires, were the glass substratum can be seen to have cracked 
either flipping or changing Z-height so that the focus o f  the image is inconsistent.
Concentrations o f  antibodies used to obtain the im m uno-fluorescence images in 
Figs. 6.14-5. were 1:50 for anti-actin (raised in m ouse) and 1:32 for FITC conjugated 
anti-mouse (raised in goat). Fig. 6.15. further highlights the problem  o f  using a sample 
with high roughness in an inverted microscope, where all hardw are and software are 
designed to determ ine the cell-m edium  interface for auto-focusing. Here the substratum 
has split into two pieces with the split running in a positive gradient across the image. 
W hile the image at first appears to be in focus on one side and out o f  focus on the other, 
it can be seen when comparing DAPI and FITC images that each emission has been 
auto focused to a different side o f the crack. Auto focus is typically determined for each
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dye (emission wavelength) by measuring the Z-height of only one of the dyes then 
assuming that other dyes will be in focus at this Z-height; this can lead to focusing 
errors. Alternatively, the system can be told to auto focus every emission wavelength, 
checking either side of a predetermined Z-height by turning off laser autofocus. This 
however creates the problems between wells due to the poor tolerance of No. 0 glass 
cover slip thickness of 8 0 -  1 2 0  pm 5.
6.5. Substratum Surface Properties
The importance of the surface properties of the substratum are very important 
when determining cell behaviour, in this section the characterization of surface charge, 
roughness, adhesion and wettability shall be discussed in detail. It has been reported by 
Vitte et al. [21] that when a cell has just adhered to a surface it has several decisions to 
make. The cell may undergo apoptosis, or remain alive and proliferate, it may remain on 
the site of adhesion or may start migrating; where the properties of the substratum 
surface can alter the cells decision.
6.5.1. Roughness and Adhesion with AFM
Surface roughness can have a substantial effect on cell-substratum interaction 
that may cause changes to motility, proliferation and overall behavior o f the cell. It has 
been reported by Chung et al. [22] that nanometer scale roughness can improve the 
adhesion and proliferation of human endothelial cells (HUVECs) on a biomaterial 
surface. Similar to this work their results were quantified using MTT assay where they 
found that an increase in surface roughness of only 1 0 - 1 0 0  nm enhanced proliferation 
o f HUVECs. Therefore, analysis of surface roughness is important to determine how 
different surface properties of the ZnO nanowire arrays may alter cell behaviour.
In this work a Nanowizard II (JPK Instruments) Atomic Force Microscope 
(AFM) was used to take surface roughness and adhesion force measurements from 
various substrates. Data acquisition was performed in contact and tapping modes to 
acquire force curves and images for adhesion force and RMS roughness, respectively. 
Roughness measurements were obtained from 15 areas across 3 substrata for each
5 w w w .w eb sh o p . f i sh e rsc i .c o m /in s ieh t2  u k /ee tP r o d u ct .do?p rod uctC ode=12372108& resu ltSe tP os it ion =0
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sample. Images were obtained using a Silicon lip o f  8 nm radius (RTESP) which was 
therm ally calibrated yielding a frequency o f 334.65 kHz. A slow  scanning velocity o f 
0.5 pm /s was used to inhibit dragging and artifact incorporation. Force curves were 
obtained using an 8 pm diam eter latex colloid glued to a tip-less cantilever and a 
constant normal force o f  25 nN was applied. A latex colloid (see Fig. 6.16.) was used to 
mimic cell-nanowire interaction by inhibiting Z extension betw een the wires that occurs 
with a standard tip. Therefore application o f DM T theory could be used to obtain 
adhesion force [23], where force required to overcom e sphere-plane contact is equal to 
the attraction force determ ined during point o f contact.
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Figure 6.16. (A) Scanning Electron Micrographs o f  8 pm latex colloid attached to cantilever from side 
and from underneath at 45 °. (B) Graphs showing the Lennard-Jones potential [24] path o f  the cantilever 
tip, showing change in force with Z-height.
Fig. 6.17. shows the effect o f  different values o f loop gain on individual line 
profiles o f  an AFM image, the diagram shows that loop gain controls the way in which 
the feedback electronics react to the error signal that is provided. This param eter has a 
significant impact on the appearance o f the final AFM image, since m any artifacts are 
introduced to the image, reducing its accuracy and overall quality. These ‘artifacts’ are 
added to the image in the form o f  random anomalies {with loop gain they will normally 
have periodicity), and they don’t exist on the sample in reality and are merely 
introduced electronically to the image, normally via noise or in the case o f  a blunt an 
image with shapes that repeat often; see Fig. 6.18.
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Figure 6.17. Diagram shows the effect o f  feedback gain on the resulting scan lines o f  an AFM image, 
where (A) is low gain and (B) high gain. Notice how low gain initially looks to provide the best solution 
however it takes a long time to compensate for changes in topography and so sudden changes can often 
be missed, it is also more likely that the tip will crash (in contact mode) leading to tip blunting; see Figure 
6.18. However, high gain will over compensate for changes in topography so that the tip will oscillate 
producing substantial artifacts.
For an AFM image to acquire high spatial resolution the convolution between 
the tip and the sample must be extremely low, with a new sharp tip (such as the 6 nm 
term inated RTESPA) being used, though in reality such a tip will be easily blunted if 
used in contact mode. Though it has been shown by R ico  et al. [25] that blunt tips can 
be beneficial for cell imaging and measurement o f adhesion force. Fig. 6.18. shows 
three diagrams demonstrating the effect o f tip shape when im aging a triangular feature 
on a substratum. The diagram shows that a perfect tip  is able to closely copy the shape 
o f  the original morphology on the sample surface. T his is the ideal situation, often the 
tip becomes blunted, rapidly so during force curve analysis; therefore a force curve tip 
is never used for imaging; and in this work the force sensing tip was an 8 pm diam eter 
latex colloid used to imitate cell cytoplasm and nanow ire substratum  interaction. Fig. 
6.18b shows that a blunted tip will create a rounded copy o f  the features on the 
substratum surface, where as an irregular tip which can often be created when debris 
attach to the tip after a bad contact, this tip results in a convolution o f  the tip and surface 
feature shapes.
It has been reported by Chen et al. [26] that cell-substratum  adhesion force is 
best investigated in tandem with zeta potential and m easured contact angles to yield a 
more accurate determination o f the necessary / favourable conditions for cell adhesion. 
Therefore, both contact angles and surface charge shall be discussed next.
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Figure 6.18 Diagram showing the effect o f AFM cantilever tip sharpness on image reproduction (and 
artifacts) where, (A) is a perfect tip, (B) a blunt tip and (C) an irregular tip. Note that this image 
reproduction would only happen in contact mode. Adapted from [21].
6.5.2. W ettab ility  w ith  C on tact Angles
It has been reported by Lampin et al. [28] that substratum  roughness and 
wettability affect both cell adhesion and migration o f  chick embryo vascular cells, 
where an increase in substratum roughness promoted cell adhesion as a result o f  
enhanced hydrophobicity which favoured the adsorption o f  adhesive proteins. More 
importantly they suggest that the hydrophobicity (affected by surface roughness) 
determ ines cell m igration. Therefore, substratum surface hydrophobicity (or wettability) 
was investigated by measuring the contact angles o f 1 pi droplets o f DI water on each 
sample, where small contact angles (< 90 °) correspond to high wettability and large 
contact angles (> 90 °), correspond to low w ettability, see Figure 6.19a. Liquids form 
spherical droplets in air as this is the most energy efficient shape that yields the 
m inim um  surface area for a fixed volume, when a liquid come in contact with a solid an 
intermolecular force forms to contract the surface called surface tension [29]. By 
exam ining the interfacial tensions between solid-liquid, solid-vapour and liquid-vapour 
the mechanical equilibrium o f a single droplet o f  liquid on a solid substratum can be 
explained by Y oung’s [30] equation 6.4.
7h cos 6 = ysv -  m >
W here y/v, yAV and ysi represent the interfacial tensions and 6 is the contact angle. 
To determine interface tensions multiple solutions o f  known yi are used to plot cosO 
versus the test liquids surface tension, so that o ther interface tensions may be derived
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[31]. In the literature surface tensions are not generally taken into consideration for 
determ ination o f  cell behaviour due to surface wettability, how ever the contact angle is 
a w ell-established means o f comparing substrata. Arima and Iwata [32] report that the 
num ber o f  adhered Human umbilical vein endothelial cells (HUVEC) reached a 
m aximum  with a water contact angle o f 40 °, while cell adhesion increased with 
decreasing w ater contact angle up to 60 -  70 °. For HeLa cells the maximum num ber o f 
cells adhered was obtained with a water contact angle o f  50 °. Therefore, cell adhesion 
is mainly determ ined by surface wettability, but is also affected by its surface density, 
and the type o f  cell. Also, Benesch et al. [33] report that the process o f  protein 
adsorption is substratum hydrophobicity sensitive, where hydrophobic surfaces are 
often shown to adsorb more proteins than hydrophilic surfaces. This will have a 
considerable effect on cell behaviour and shows the im portance o f  determining the 
wettability o f  the substratum  in this work.
Table 6.1. compares contact angles from three different substrata, where the 
Statistic Significance  o f  the data has been shown in the form o f  a Student’s Ttest p 
values, see section 6 .6 . for further explanation. In life sciences these values would be 
typically be shown on a bar diagram comparing groups to a control to indicate how 
significant the difference between the two means is (group and control). It is generally 
accepted that a p value o f  less than 0.05 shows that the means o f  two sets o f  data are 
significantly different, and this is typically shown on a bar diagram  as an asterisk, where 
* indicates p<0.005 and ** p<0.05 compared to the control. The asterisk is used to 
denote the p value which is a measure o f how different the two sets o f  data are, this is 
very important in micro biology and so will be discussed in detail after zeta potential.
0 > 9 O °
Table 6.1. Shows mean contact angles (n=9), 
w ith  Statistical d ifference between metal layer 
and silicon contro l derived from  Ttest values.
Silicon Gold Nickel
Mean 62.8 75.0 40.4
Std Dev 2.2 2.7 4.2
Statist Diff. 3.9 xlO'11 1.5 x lO 15
Figure 6.19. Photograph shows a contact angle formed from a sessile liquid drop on a smooth 
homogeneous surface, with components from equation 6.4 labelled.
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6.5.3. Surface C harge  w ith Zeta Potential
To be able to better understand the interactions o f cells with nanowires 
discussed in chapter 5 and investigated in chapter 8 , the knowledge o f surface charge 
needs to be obtained as it has often been attributed that it affects cell behaviour at the 
cell-substrate interface [21]. In this work the Zeta-potential was obtained for nanowire 
arrays to use to support cell spreading area findings, where a correlation between the 
surface charge o f the nanowires and the behaviour o f  the cells was witnessed; see 
chapter 8 . In this sub-section the interaction o f  particles in a solution is explained and 
com parisons made with other surface property revealing techniques, this work is 
important as it will be shown in chapter 8  that the ZnO nanowires grown in this study 
are soluble over 7 days in medium. Often when a m aterial is immersed in liquid it will 
begin to dissolve depending on the strength o f  the solvent. The materials particles will 
contain chemical groups that when dissolved will ionize, producing a charged surface 
that will preferentially attract ions o f  positive o r  negative opposite to its own charge. 
These dissolved charged particles can be used to determ ine the surface charge o f  the 
submerged nanowire array and so the theory will be discussed here. Determ ining the 
surface charge o f  the ZnO nanowire substrata is im portant as it is well established in the 
literature that negatively charged osteoblasts prefer to adhere to a negatively charged 
substratum , typically because negatively charged substrata promote additional protein 
adsorption [34].
Ions in I Q  ^  ^
Equilibrium < A  ®
with Solution | £  ^  ™  ^  £
_  , -
Stern
Figure 6.22. Diagram showing the double layer model o f a charged colloid, where a) shows the 
distribution o f positive and negative ions around a negatively charged colloid and b) the relationship to 
zeta potential; adapted from [35] and [36], Red circles are positive counter-ions and blue circles are 
negative co-ions.
Zeta Potential
Stern Potential
Surface 
Potential
Potential (mV)
Distance from Surface
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Fig. 6.22. shows Sattler’s double layer model used here to visualize the ionic 
charges in the solution surrounding colloidal particle, and depicts the effect of a 
negative colloid on the surrounding solution when its neutralizing ions are suddenly 
removed. The positive ‘counter-ions’ form a well adhered layer around the surface of 
the colloid called the ‘Stem layer’ which repels additionally attracted positive ions (in 
the same fashion that applying a voltage to the gate of a transistor inhibits current by 
repelling charge). This creates a diffuse layer of predominantly positive ions that 
decreases in concentration until it achieves equilibrium with the surrounding liquid; 
where co-ions and counter-ion numbers are equal [37], It should be noted that co-ions 
are named as such as they’re the same charge as the colloid, so the terms counter and co 
are interchangeable depending on the sample.
This distribution of ions creates a surface potential between the colloid and 
liquid as a double layer is formed to neutralize the negatively charged colloid, creating a 
voltage difference of several millivolts. Fig. 6.22. shows how this voltage potential 
drops when moving away from the surface within the Stem layer and then more rapidly 
drops within the diffuse layer. The point at which the two layers meet is called the slip 
plane and represents the boundary between well adhered Stem layer ions and loosely 
adhered diffuse ions; which are left behind if the particle/colloid travels within the 
liquid. The charged particle will move within the liquid if a voltage gradient is applied, 
this principle is called Electrophoresis and is the study of the velocity of movement of 
charged particle relative to the solution under and applied electric field. By 
manipulating this principle a ‘Zetasizer’ machine (such as the Malvern Zetasizer 2000 
used here) applies a voltage gradient across a curette containing the sample solution and 
observes the velocity of particle movement. This velocity is called the electrophoretic 
mobility and is related to the zeta potential using the Henry equation [38].
It is well established in the literature that negatively charged osteoblasts prefer 
to adhere to a negatively charged substratum, where a zeta potential of approximately -5 
to -15 mV is ideal as most biological cells have zeta potentials in this range. Therefore 
limiting non-specific binding and forcing receptor-mediated interaction that allows 
binding only when there is a receptor-ligand bond strong enough to overcome the 
electrical repulsion [39], Chen et al. [26] has shown cell-substratum adhesion due to 
surface charge is a mixture of long-range Lifshitz - Van der Waals, electrical double 
layer and short-range Lewis acid-base interaction forces.
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This section has shown the importance of comparing surface charge between 
substrata and its effect on cell-substratum interaction in the literature has also been 
discussed. It is often accepted that zeta potential theory is extremely well suited to 
analysis of living cells and cell-substratum and cell-cell interaction. This is because they 
can be modelled to be spherical in suspension, are surrounded with a hydrophobic 
plasma membrane and bear a net negative surface charge [2 1 ].
6.6. Null Hypothesis in Statistics
Hypothesis testing statistics are used to compare multiple data sets from multiple 
samples, typically whether or not one or more samples can be determined as having 
different means; or if data is randomly distributed. Statistics are unable to prove a 
hypothesis, but it is able to determine how likely it is to be wrong. This is the null 
hypothesis, we do not test to see if a ‘treatment’ has an effect, what we test is if it has no 
effect [13]. Statistical hypothesis tests typically yield a value, p that is the probability of 
there not being a difference between data sets, where a p value lower than 0.005 is 
statistically significant and lower than 0.01 is highly significant [40]. The degrees of 
freedom when comparing data sets needs to be considered, as this choice alters formulae 
used for calculating the probability of there not being a difference. Two tailed tests are 
often used as this means that we have no certainty that the treatment will have a positive 
of negative effect compared to the control; in one tailed tests we expect one of the data 
sets to be bigger than the other [41].
In this work Student’s (William Sealy Gosset’s pen name) T-test was used to 
determine if sets o f data obtained from experiments using different substrata (typically 
an array of ZnO nanowires) and a control (typically a glass cover slip) were 
significantly different from each other. This is because in most cases data sets were 
normally distributed with minimal skew, see histograms in Fig. 6.23. showing the 
distribution o f cell area measurements for results shown in section 8,5.1, where for each 
sample the mean is within the highest % bin. This data can be T-tested, and the 
probability of there not being a difference between the zinc oxide nanowire arrays and 
the glass control examined.
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Table 6.2. Results from  N= 2000 cells measured.
Area (pm 2) 2:1 NWs 1:1 NWs Glass CS
Mean 1782.00 923.60 1193.24
Std Dev 771.91 394.48 542.10
Min 54.68 62.49 302.91
Max 7194.30 2873.62 5925.15
Figure 6.23. Histograms showing the normal distribution o f data from 2000 measurements o f  U-2 OS 
cell spreading area after incubation for 72 hours in M cCoy’s 5A modified medium at 37 °C 5 % C 0 2 and 
fixed with 4 % Paraformaldehyde. Where the substrata are (A) 2:1 nanowires, (B) 1:1 nanowires and (C) 
Glass cover slip control.
6.7. Summary
This chapter has briefly covered the use o f SEM for phase 2 (Biocom patibility) 
o f the work as SEM operation was discussed in detail in chapter 4. However, tim e has 
been taken to explain specific methods for use o f SEM  and Cryo SEM to observe Cell 
behaviour as well as IEM (Im munoGold SEM ) to observe the fine details o f  Cell- 
Substratum Interaction. Biocompatibility assays have been shown with protocols either 
listed or discussed for both Prom ega’s M TS Assay and Invitrogen’s LIVE DEAD 
Assay. The surface properties o f  the substratum and m ethods used to access these 
properties have been shown, AFM o f surface roughness and cell-substratum  adhesion
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force, contact angles for assessment of substratum hydrophobicity and zeta potential to 
determine surface charge. A brief look at the importance of statistics was conducted; 
with emphasis on null hypothesis testing without getting into specifics. This information 
should prepare for the following results chapters.
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7.1. Introduction
The following chapter will cover the crystal growth and characterization of 
hydrothermally grown zinc oxide (ZnO) nanowires, where different growth variables 
and their effect on nanowire morphology will be investigated in the following order: 
Comparison of Substrates 
Solution Temperature 
Time
Seed Layer Thickness and Roughness 
Solution Concentration and Ratio of Precursors 
Minor Variables and Reproducibility 
The effect of the above on and subsequent results will show the path taken in this work 
to obtain the final recipes used through-out the cell viability work in the following 
chapter. But before these topics are discussed the reason for using the hydrothermal 
growth method will be discussed.
Before starting the second phase of the project (cell viability) it was necessary to 
extensively investigate the many variables of the hydrothermal technique (see chapter 3) 
to provide a certain level of knowledge to accurately tailor the morphology, mechanical 
and optical properties of any nanowire array fabricated. Initially the investigation 
focused on examining the morphology (length, width, density, alignment) of the 
nanowires obtained when altering individual variabl es (see appendix II for a selection of 
experiments and variables used); providing a starting point for subsequent research. 
Only once a recipe had been well established could further investigation of the nanowire 
properties (mechanical, surface and optical) be conducted (see chapter 8 ). It was 
previously mentioned in chapter 3 that the hydrothermal technique was not originally 
implemented at the start of this work. The traditional gold catalyst based high 
temperature (>1000 °C) Vapour Liquid Solid (VLS) Chemical Vapour Deposition 
(CVD) technique was used instead, as this technique was well established within the 
department [1].
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Figure 7.1. ZnO nanowire array fabricated using the V LS-C V D  technique, where b) shows the Gold  
catalyst on the end o f  a nanowire. Scale bars are 5pm and 500nm for a) and b) respectively. These images 
were taken using a Jeol JSM -6100 SEM. [GaN substrate at -~969°C (furnace at 1050°C') fo r  SOmins in 
49seem Ar and 1 seem 0 2]
Fig. 7.1 shows ZnO nanowires obtained using the VLS technique, with the 
recipe displayed in [italics]. W hile this technique has been shown in the literature [2] to 
create extrem ely well aligned high aspect ratio ZnO nanowires, it  could however be no 
ionger be used once it was concluded that optically transparent substrates w ould be 
required for confocal m icroscopy (see chapter 6 ). Therefore a m ove to glass No 0 cover 
slips (90 - 130 pm ) was made, after it was shown in the literature by Qin et al. [3] that 
the low tem perature hydrothermal method could grow ZnO nanowires on any substrate. 
The following section will show the highlights o f the work, depicting the journey taken 
to obtain a recipe to yield reproducible arrays o f  high aspect ratio, well aligned ZnO 
nanowires; with the final recipe to be used in chapter 8 .
Figure 7.2. ZnO nanowire array fabricated using the hydrothermal technique, where precursor 
concentration is a) 2.5mM  and b) 25mM. Scale bars are 50pm . These images were taken using a Jeol 
JSM -6100 SEM. [95°C  fo r  2hrs in 250ml 2.5mM and 25mM 1:1 sol. -  no stirring -  S i(l 11) w / 2x Zinc 
Acetate spin coating cycles]
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While the decision to adopt the hydrothermal method was originally made to 
fabricate nanowires on a transparent substrate, initial experiments were conducted using 
silicon (111) to confirm the method worked as described. Fig. 7.2 shows the first ZnO 
nanowire arrays fabricated using the hydrothermal method, where a precursor 
concentration of 2.5 mM and growth temperature o f 95 °C were chosen after finding 
encouraging observations reported by Xu et al. [4]. However it was decided that the 
concentration should be increased by an order of magnitude to increase the certainty of 
obtaining nanowire growth, as this concentration was mentioned in the earliest 
hydrothermal work by Verges et al. [5], As the method had yielded results first time no 
other ZnO nanostructure fabrication methods were explored and therefore a methodical 
study into the effect of variables on ZnO nanowire morphology using the hydrothermal 
method was conducted.
7.2. Comparison of Optically Transparent Substrates
It has been shown by Qin et al. [3] that the hydrothermal technique can be used 
to grow ZnO nanowires on any substrate, at 80 °C for 12 hours in 2.5 mM solution. 
However, previous experiments showed 2.5 mM was insufficient to obtain uniform 
nanowire growth, therefore solution concentration was increased by an order of 
magnitude to 25 mM to improve nanowire density and preferential c-axis growth. The 
solution concentration was increased as Bai et al. [6 ] reported a significant increase in 
XRD (002) peak intensity and decrease in FWHM when their solution concentration 
was increased from 10 mM to 25 mM. Therefore indicating that nanowires grown at 
higher concentrations are better aligned, as confirmed later in Fig. 7.28b. Several 
experiments were conducted using glass cover slips, plastic cover slips, and a-plane 
sapphire substrates to determine the most suitable transparent substrate for compatibility 
with confocal microscopy. At this point silicon had been used extensively, and so is 
included in this set of experiments as a control substrate.
Fig, 7.3. shows cross-sectional SEM images of the 4 substrates after growth at 
80 °C for 9 hours in 25mM equimolar solution, showing significant changes in the 
morphology of ZnO nanowires grown on different substrates; especially for the plastic 
substrate. The observed major discrepancies could be due to the plastics much lower 
glass transition temperature, of 80 °C compared to soda-lime glasses 550 °C [7]. This is 
undoubtedly to cause as the poly-vinyl chloride (PV C) cover slips were witnessed to
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distort and alter shape slightly during growth, this com bined with the substrates 
increased roughness likely effected the distribution o f seed layer particles on the 
substrate drastically effecting the growth o f the nanowires. This trend was also observed 
by Yamabi et al. [8 ], who reported that the density o f  ZnO nanostructures grown on 
Glass and Silicon substrates was far less than on a plastic (PET) substrate.
Figure 7.3. Cross-sectional SEM images o f  ZnO nanowires on different substrates, where a) is Silicon, 
b) is Glass, c) is Sapphire and d) is Plastic; all o f  similar surface area. A ll scale bars are 2pm . [80°C  for  
9hrs in 500ml o f  25mM 1:1 sol. -  8min stir (2min hot)- Multiple Subs w /20nm  PVD Seed]
Fig. 7.3. shows changes in nanowire morphology betw een the 4 substrates, with 
the Silicon substrate yielding the longest, widest and least dense manowires. The Plastic 
substrate yielded the smallest and densest nanowire array, were it can also be observed 
that the shape o f  the ends o f the nanowires in the (0 0 0 1 ) plane is flat compared to the 
others more ‘rounded’ polar planes. The tapered or rounded ends are typical o f  the layer 
by layer growth m ethod proposed by Luadise et al. [9] where they state that the 
decreasing surface area o f each hexagonal layer (during c-axis growth) is due to 
differing growth rate o f the non-polar and polar planes; leading to the disappearance o f 
the (0001) facet. In this experiment it appears that the growth rate o f plastic is 
sufficiently slow  enough to allow full formation o f the [0001] polar facet. This
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observation accentuates that there are many non-solution variables affecting the 
m orphology o f  the nanowires yet to be explored, as the solution used was identical for 
all substrates.
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F igure 7.4. Graphs show mean o f  measurements taken from [Fig. 7.3.], where (a) show s the length and 
width taken from 90 measurements for each across 3 different areas, where error bars represent ±SD  o f  3 
areas, (b) show s aspect ratio and density. Graph (c) is the Photolum inescence spectra o f  the Zinc O xide 
nanowires on different substrates, where the main graph shows all substrates used in the experiment and 
inset show s the selected Glass substrate vs. the Silicon control. A 325nm HeCd excitation source used 
and results are the mean o f  3 acquisitions from 3 different areas. Data is normalized to the near band 
edge.
From Fig. 7.4b it can be observed that the glass substrates yield the best aspect 
ratio, and therefore glass is the best candidate to use for optically transparent substrates. 
It is believed that substrate roughness is the cause o f the observed differences as 
Yoshino et al. [10] deposited ZnO thin films on various substrates and observed sim ilar 
differences. They profiled the crystallinity o f nanow ires from each substrate using XRD
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analysis of the (0 0 0 2 ) peak, and showed that thin films deposited on glass had an 
exceptionally high degree of crystallinity as indicated by the smallest FWHM of 3.93 °, 
compared to 14.23 ° for Ni. Similarly, it was discovered in this work [11] that growth 
rate was significantly affected when Ni films were deposited on the substrate below the 
ZnO seed layer, which was mainly attributed to changes in the roughness and grain size 
of the seed layer deposited, with the growth rate decreasing with increasing roughness. 
This work will be discussed in more detail in sub-section 7.5.4. It could be therefore 
that the differences in Fig. 7.4a are simply due to changes in substrate roughness.
In Fig. 7.4c it can be seen that plastic substrates have the largest 510 nm 
centered visible broadband emission of all the samples, likely due to substrate 
contribution. However, although background spectra for blank substrates have been 
acquired it has not been removed from the spectra to allow fair comparison (see chapter 
4); as such a process may not be available during other life sciences microscopy 
techniques and any devices created from this work would be unable to neglect this 
contribution. The inset spectra shows the difference between silicon and glass 
substrates, it is suggested that this difference in the 570 nm centered defect band is 
likely due to a change in ZnO nanowire morphology as indicated in Fig. 7.3 leading to 
additional contribution from surface states compared to the bulk as discussed in chapter 
4. This notion is supported by Shen et al. [12] who hypothesized that observed spectral 
shifts maybe due to increased surface defect density compared to the bulk because of 
differences in surface-to-volume ratios. However, regardless of the mechanism behind 
said differences if the same recipe is employed for both silicon and glass, and glass 
yields higher aspect ratio nanowires with improved optical properties, then the choice of 
which substrate to use is obvious.
Also, glass coverslips are extremely brittle and can be cut into similar size 
pieces easily, allowing post growth coverslips covered with uniformly distributed 
nanowires to be further divided allowing one sample to be used in multiple experiments. 
This is especially important for the biological experiments (see chapter 8 ) as each needs 
to be done in at least triplicate (n=3) to confirm observed results have statistical 
significance. From here on 24 by 24 mm glass coverslips are used exclusively after the 
initial findings, as they can be fractured into 9 substrates with identical morphology. 
Now that a suitable optically transparent silicon replacement substrate had been 
selected, substantial effort was invested to refine the recipe to improve the aspect ratio 
of ZnO nanowires grown on glass coverslips.
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7.2.1. Substrate orientation
It has been reported by W ang et al. [13] that the orientation with respect to the 
beaker (i.e. not crystallographic) o f the substrate during hydrotherm al growth could 
drastically affect the alignment and m orphology o f the nanowires; so the effect o f 
substrate placem ent was investigated. They show that a substrate that is parallel to the 
solution surface yields a high Reynolds number, indicating turbulent flow; compared to 
a substrate held perpendicular to the solution surface that yields and much lower 
Reynolds num ber, indicating lam inar flow. W ith the later producing more well aligned 
nanowires. It is believed that this laminar flow creates a boundary layer that forces 
reactants to arrive at the substrate surface via diffusion at a steady rate, instead o f  all at 
once. However, when repeating W angs’ work in this project it w as observed that the 
subm erged substrate collected significant colloidal growth, see Fig. 7.5d. Also, holding 
the substrate in a PTFE frame seed layer side down parallel to  the solution surface 
created m inim al deviations in nanowire morphology at the edges o f  the sample; 
meaning that the substrate could not be fairly be cut into 9 pieces.
Figure 7.5. SEM images o f ZnO Nanowires on glass substrates that have been grown at different 
orientations, where a) and c) were floated on the solution surface and b) and d) were held in the middle o f 
the beaker on a PTFE stand. All scale bars are 2 gm. White arrows indicate embedded colloidal nanorods. 
[90°C  fo r  9hrs in 250ml 25mM 1:1 sol. — 45min stir -  Glass coverslip w / 3x Zinc Acetate spin coating 
cycles]
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Becuase the Grant SUB Aqua Plus water baths used in this work are unstirred 
and heat the water from the bottom, when set to 90 °C a temperature gradient of 2 °C 
exists accross the 100 mm depth of water, and similarly within beaker solution too. It 
should be noted thermometer used is stated by the manufacturer to have an accuracy of 
±0.3 °C. However this is actually helpful in the deposition of material as it determines 
where the precipitate is more likely to form, as it has been hypothesised in the literature 
[14] that if a temperature gradient exists within a beaker (i.e. if it is heated in an 
unstirred system) that it becomes more energetically favourable for the highly 
supersaturated solution to precipitate in the coldest region to re-establish equilibrium. 
As explained by the Le Chatelier principle discussed in chapter 3.
Fig. 7.5. shows that this is not the case with samples grown fully submerged in 
the solution mounted on a frame halfway between bottom of PTFE beaker and solution 
surface yeilding longer nanowires. Though it can be seen in Fig. 7.5a. that the width of 
the nanowires on the submerged substrate is 171 % larger, changing from 62 ± 8  nm for 
floated to 167 ± 25 nm for submerged substrates. This drastic change is likely due to a 
concentration gradient existing in the beaker as all colloidal precipitates settle to the 
bottom of the beaker after 1 - 2 hours of growth (see section 7.3). Assuming that the
•y
sediment is formed initially from the precipitation of the Zn(OH)4 ’ complex 
intermediate could likely provide the submerged sample with a much higher 
concentration of Zn2+ and OH' ions. Although work by Wang et al. [15] has shown that 
when the concentration of Zn2+ precursor exceeds 0.025 mol/L that there should be 
almost no gradient present. Therefore, the observed difference between submerged and 
floated samples is more likely an affect o f the previously mentioned temperature 
gradient, so this will also be investigated further.
Whatever the mechanism this change in width reduces the aspect ratio by 38% 
from 50 nm for the floated substrate to 31 nm for the submerged, meaning that although 
growth rate has improved significantly the youngs modulus of the nanowires will be 
significantly different; affecting force measurements in phase 3. For example Chen et al. 
[16] have reported the youngs modulus of a ZnO nano wire to only deviated from the 
bulk for diameters of less that 120 nm. So although we would expect the submerged 
nanowires to yield -140 GPa the floated nanowires could be significantly different. Fig. 
7.16c shows that the photoluminesence spectra is negatively affected in the visible 
defect band with submerged substrates containing considerably more defects than
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nanowires grown on the floated substrate. The PL further supports the assum ption o f  
increased ion concentration near the bottom o f  the beaker, as it has been reported by Ku 
et al. [17] that O H ' i t  aybe a surface trapping center as they observe a direct correlation 
between green-band emission intensity and surface hydroxide concentration. It could 
however also be due to the contribution from colloidal nanorods as highlighted by white 
arrows in Fig. 7.5d. Fig. 7.6d. shows the reverse o f the glass coverslip o f the submerged 
substrate m ounted on the frame, where it can unfortunately be seen that substaintial 
colloidal growth has adhered to the surface. This image was aquired after additional D.I. 
water rinsing cycles were conducted.
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Figure 7.6. Graphs show effect o f substrate orientation on a) length and width and b) aspect ratio and 
density. For a) data was taken from 90 measurements for each time point across 3 different areas and 
error bars represent ±SD of the 3 areas. For c) photoluminescence data is normalized to the near band 
edge. For d) SEM image showing reverse o f  substrate grown submerged in solution showing substantial 
colloidal growth attachment, in the form o f nanoflowers. This image was taken after repeated rinse cycles 
to remove the nanostructures. Scale bar is 50pm.
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7.3. Temperature
The effect o f tem perature on the morphology o f the nanowires was investigated 
for 60, 70, 80 and 90 °C as this range o f  tem peratures featured prominently in the 
literature. The hydrothermal m ethod is a wet chemical technique so it would therefore 
be logical to assume that an increase in growth tem perature would yield an increase in 
crystal growth rate, due to increased production rate o f elem entary layers. However 
significant changes in the crystal quality o f  nanowires grown at higher tem perature were 
observed via undesirable changes in photolum inescence spectra; see Fig. 7.9.
Figure 7.7. SEM images o f nanowires grown at a) 60°C, b) 70°C, c) 80°C and d) 90°C. All scale bars are 
1 (im. [60-90°C  fo r 9hrs in 500ml 25mM 1:1 sol. - 70min stir (2min hot) -  S i ( l l l )  w / 2 Onm PVD seed  
layer]
Fig. 7.7. shows cross-sectional SEM images o f  ZnO nanowire arrays grown at 
each o f  the above tem peratures, a direct linear relationship between length/width and 
tem perature was observed, see Fig. 7.8. This is expected and was discussed in chapter 3, 
and is mainly due to the stability constant o f  a complex being tem perature dependent, as 
the O H ‘ concentration at any particular pH varies considerably w ith tem perature [18]. 
An increase o f the solution tem perature provides more energy to break bonds allowing
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more o f  the complex intermediate to be dissociated into ions. Therefore the direct linear 
relationship is derived from an increase in complex ion availability.
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Figure 7.8. The relationship between solution temperature and crystal morphology is shown for ZnO 
nanowire (a) length and width and (b) aspect ratio and density. Error bars represent ±SD  o f 3 areas.
Fig. 7.8a compares the average length and width o f nanowires as a function o f 
tem perature; the means were obtained from 90 m easurem ents where 30 measurem ents 
were taken from 3 separated areas on the sample for statistical fairness. Therefore the 
error bars represent the ± standard deviation o f the  mean across 90 m easurem ents. This 
is the m inim um  standard for all m orphology m easurem ents in this thesis unless 
otherwise stated, and therefore will not be m entioned again. In total 11,520 nanowires 
have been m easured to produce the results in this thesis. The increase in crystal growth 
rate between each 10 °C increment is sim ilar for both  length and width o f  nanowires 
with an observed 40%  increase from 60 °C to 70 °C and 30% increase from 80 °C to 90 
°C. The datum ’s have been kept apart in the graph for clarity. The determinate 
coefficient (R ) yielded from the least squares linear trend lines are 0.985 and 0.972 for 
length and width respectively, it can therefore be seen that the linear relationship 
observed between solution tem perature and growth rate is stable. Zhang et al. [19] has 
hypothesized that the mechanism  behind the diam eter / tem perature relationship is due 
to the production rate o f N H 3 , where at low tem perature (60 °C) the release o f N H 3 is 
slow and m ore Zn2+ are transform ed into ZnO nuclei in the function o f  hydroxyl. 
Therefore hom ogeneous precipitate dom inates causing significant reduction in available 
precursor ions for heterogeneous deposition on the substrate. The relationship between
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length and tem perature can be fitted with the linear gradient y  = 77 .954a ' - 3661 .4 , if  x = 
50 °C then this equation yields only 236 nm; therefore growth below 60°C regardless o f 
other variables is unlikely; this lower limit o f solution tem perature has been reported 
previously [20]. Denianets et al. [21] have shown that the activation energies for growth 
o f  the (0001), (0001), and (1010) faces in are equal to 59 ±3, 6 6  ±3 and 6 8  ±3 kJ/mol, 
respectively. The large difference in length com pared to the subtle difference in width 
between 60 and 90 °C is therefore likely due tem perature extenuating the differences in 
activation energy requirem ent between the different crystal facets.
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F igure 7.9. The relationship between solution temperature and crystal quality is shown using (a) 
Photoluminescence spectra o f Zinc Oxide nanowires grown at different precursor solution temperatures, 
and (b) the change in deep level emission with respect to the near band edge emission. A 325nm HeCd 
excitation source was used and results are the mean o f 3 acquisitions from 3 different areas. Data is 
normalized to the near band edge peak.
Fig. 7.9a shows the photolum inescence (PL) spectra o f  nanowires shown in Fig. 
7.7, with Fig. 7.9b highlighting the change in ratio  between the NBE and DLE peak 
intensities with increasing solution temperature. It can be seen that the tem perature has a 
significant effect on the intensity o f  the DLE, w ith nanowires grown at a higher solution 
tem perature being o f  lower optical quality. This could  be assumed initially to be due to 
a difference in surface area to volume ratio as PL is often considered to be surface state 
sensitive; certainly work by Ku et al. [17] has suggested that the origins o f the green 
band em ission (DLE) are correlated with surface hydroxide as well as the frequently 
published single ionized oxygen vacancy (O f). For below-bandgap excitation, 
absorption is weaker and the excitation source penetrates deeper into the sample. 
Therefore the PL spectra shown in this work is will comprise o f  contributions from both 
surface and substrate due to the H eC d’s 3.81 eV (325 nm) above bandgap emission; as
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ZnO is 3.37 eV (376 nm). In all photoluminescence results the surface quality of the 
ZnO nanowires will dominate the results, this is because the skin depth / penetration 
depth of our 325 nm HeCd is worked out to be 63 nm, using Elliot-Toyozawa theory 
similar to that of Sans et al. [22], This is in good agreement with findings by Choi et al. 
[23] who determine the optical skin depth of their 325 mn HeCd excitation source to be 
about 83 nm in ZnO. The equations used to determine the optical skin depth can be 
found in work by Lynch and Hunter [24].
Conversely to the above, the plot in Fig. 7.9b shows that the trend observed is 
independent of surface area to volume ratio (SAVR). This observation is supported by 
the data as a 51 % drop in SAVR from 60 to 90 °C, yielded PL peak ratio drop by 63 % 
from 2.97 to 1.10, indicating either a substantial increase in DLE peak intensity; as all 
data is normalized to NBE peak. If the system was purely surface sensitive, and 
therefore the majority of DLE was comprised from recombination at surface states then 
the dramatic increase in volume wouldn’t affect the DLE peak intensity. Therefore it 
can be hypothesized that the 171 % increase in DLE area from 60 to 90 °C is due to an 
increase in crystallographic defects during the growth procedure. It has been shown by 
Demianets et al. [21] that a growth rate 1.5 times that of the control yielded crystal that 
contained a large number of intrinsic defects and that were predominately non- 
stoichiometric. This is likely why there’s little difference in DLE intensity between 60 
and 70 °C, which had growth rates of 125 and 179 nm/hr, respectively. Making 70 °C 
only 1.44 times faster than 60 °C, however 90 °C had a growth rate of 377 nm/hr 
making it just over 3 times faster than 60 °C; supporting the observations by Demianets.
In chapter 4 a detailed review of the literature revealed the many possible 
reasons for deep level emissions, specifically concentrating on the source of green 
emissions such as singly ionized oxygen vacancies, zinc vacancies and oxygen antisites. 
However it was suggested by Tam et al. [25] that the green centered emission may be 
associated with oxygen deficiency during crystal growth. As the free oxygen content of 
water decreases linearly with increasing temperature, it can be assumed that the 
substantial increase in the DLE peak in Fig 7.9a is due to oxygen vacancies in the 
crystal. This experiment has revealed that crystal growth at higher solution temperatures 
yields longer, higher aspect ratio nanowires but at the cost o f crystal quality; therefore 
the final application of these ZnO nanowires should be considered. A more detailed 
breakdown of the DLE emission is covered in chapter 8 , where nanowires are annealed 
post growth to further determine the origin of the visible emission in ZnO nanowires.
Chapter 7: Characterisation of Crystal Growth
Given that phase 3 of the project is application of the nanowires for force 
sensing, planning for this phase is vital and therefore it maybe assumed that an 
increased length may lead to increased device sensitivity. However, several publications 
show that the diameter is the determining factor in deciding the Young’s modulus of the 
nanowire. For example, Wang et al. [26] show that Young’s modulus is inversely 
proportional to the diameter of nanowire, and demonstrate that the size-dependent 
elastic properties of a nanowires derive from stress-induced surface stiffening. It has 
been suggested by Agrawal et al. [27] that the size-dependance of Young’s modulus 
ZnO nanowires only exists for nanowires less than 100 nm in diameter, and that 
nano wires larger than this should exhibit the bulk value of 140 GPa. This will be 
investigated in chapter 8 . However, Lee et al. [28] calculated the band gap using density 
functional theory (DFT), finding that the band gaps of ZnO nanowires depended on the 
size and geometry of the nanowire. Since it was initially discussed that the mechanism 
for force sensing would involve monitoring band gap change then it was decided that 
fabrication of nanowires with a high aspect ratio was of great importance to maintain 
device sensitivity; and therefore 90 °C would be used from here on.
7.4. Time experiments
The effect of time on the morphology of the nanowires was investigated by 
observing one sample every hour for 9 hours, and comparing length, width, alignment, 
and density; using the previously selected solution temperature of 90 °C. The literature 
reveals an extensive range of times used for the hydrothermal technique, some as short 
as 1 hour while others leave their experiment for 5 0. Although the use o f any growth 
time is available using the hydrothermal method, it has been suggested by Baruah and 
Dutta [29] that the growth solution should be refreshed every 5 hours to allow continued 
availability of precursors therefore maintaining optimal crystal growth rate. Doing this 
they managed over a 20 hour growth period to increase the length o f their ZnO 
nano wires by 4 pm from 6  pm for the un-refreshed beaker to 10 pm for the refreshed. 
However, even after extensive review of the literature a 9 hour growth time was 
selected due to time constraints and lack of manpower. Running the experiment 
unsupervised for 9 hours allowed for two experiments to be conducted a day, typically 
at 2  pm -  11 pm and 1 am -  10  am; allowing for faster determination of key variables
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and conditions for hydrothermal growth. This is the major cause o f  this work producing 
602 sam ples over 848 hours o f experiments. However it was decided that an hour by 
hour exam ination w ould be conducted to determine if  a 9 hour grow th time was ideal as 
well as confirm  if  precursor solution could be reduced to values more typical o f those 
seen in the literature. In this set o f experiments a precursor concentration o f  10 mM was 
used as per Vayssieres [30] to crudely observe the effect o f  concentration on the aspect 
ratio o f  the ZnO nanowires.
Figure 7.10. Cross-sectional SEM images o f ZnO nanowires on glass substrates grown for different times 
, where a) -  i) represents 1-9 hours respectively. Inconsisty in trend arise from spin coated seed layer, 
where reduced length and width are replaced by increased density and allignment. All scale bars are I pm. 
[90°C  fo r  9hrs in 250ml lOmM 1:1 sol. - 40min stir (2min hot) -  Glass coxerslip w / 2x Zinc Acetate spin 
coating cycles]
Fig.7.10. shows considerable inconsistencies in the density and alignment o f  the 
wires, especially with 7 and 8  hours being drastically denser than the other wires. The 
nanowires at 1 hour are also drastically denser, but this could simply be due to the 
growth m echanism , as the nuclei density effect as described by W ang et al. [31] may 
explain the increased density. They suggest that ZnO possesses a ‘fourling’ structure 
that will want to ideally grow 4 spines from single nuclei. However, if  two nuclei are 
sufficiently close then their laterally growing spines tend to come in contact suppressing
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lateral growth. Further examples o f  this inconsistence in density likely due to 
inhom ogeneous coating o f ZnO nuclei can be seen in Figs. 7.10., 7.14. and 7.16. where 
the cause o f  this non uniform density distribution is not due to the crowning effect so 
com m only observed in spin coated samples [32]. Ji e t al. [33] studied the effect o f seed 
layer thickness on ZnO nanowire array density and alignm ent, and proposed that 
nanowires grown on thicker seed layers were more w ell aligned due to an increase in 
nanowire diam eter; this will be investigated in sub-section 7.5.2. Although the images 
in Fig. 7.10. may only represent a single area the results in Fig 7.11. represent the mean 
o f 3 areas and as such should even out major discrepancies across the sample.
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W hen the reaction is allowed to run for a substantial amount o f  time (>5 hours) 
the super saturation o f Z n2' ions in the solution is unable to be m aintained due to the
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constant depletion during crystal growth. Go vender et al. [34] showed that the super­
saturation (SS) of the precursor solution was prerequisite for crystallisation of ZnO, and 
that the level of SS determined the final morphology of the ZnO nanowires where 
highly SS solutions would be dominated by homogeneous nucleation. Fig. 7.1 Id shows 
the pH of the solution in this experiment over time, where a rapid reduction in pH can 
be observed from 0 - 4  hours. Since pH is a measure of OH' ions and they are a key 
component of ZnO crystallisation that are produced steadily by HMTA (as discussed in 
chapter 3), it can be seen that the HMTA buffer after 4 hours is likely expired. However 
since the release rate of OH' from the HMTA buffer is unknown it could be that 4 hours 
marks the reduction from highly SS to just SS at which homogeneous nucleation stops 
and heterogeneous nucleation now dominates. This theory would support the plateau of 
length increase in Fig. 7.11a but could not explain the subsequent reduction in length 
from 6  hours onward. Qiu et al [35] show that a reduction in the availability of 
precursors can lead to a dissolution and regrowth mechanism whereby a deficiency of 
Zn2+ ions in the solution will result in the ZnO crystals being dissolved to maintain 
equilibrium of Zn2+ ions within the solution, resulting in a shift to the left of equation 
3.7 to adhere to the le Chatelier principle.
However, if this were the mechanism behind the reduction in nanowire length 
for 7 and 8 hours then why is the aspect ratio maintained in Fig 7.1 lb. Qiu et al. explain 
the kinetics of the mechanism, reporting that the dissolution rate of the (0 0 0 1 ) polar 
plane is faster than the non polar planes due to a higher surface energy. But while it 
could be assumed this would lead to the formation o f  nanorods, the small surface area 
of the (0 0 0 1 ) plane in comparison to the six other non-polar planes leads to further 
reduction of diameter. This theory doesn’t match the pH results in Fig 7.1 Id and 
therefore the more likely mechanism is the expiration of the HMTA buffer, but this 
doesn’t explain the continued growth of the ZnO nanowires. Additionally Govender et 
al. have witnessed that the time taken to introduce the substrate to the solution after the 
growth temperature is obtained, greatly affects the amount o f homogenous nucleation. 
They found that conducting experiments in solution of visible turbidity (typically 
solutions left 30 minutes after reaching 90 °C) would result in substantial homogeneous 
precipitation. The transparency of the solution was investigated and is discussed in 
detail in sub-section 7.7.2. It is therefore likely that the deviation from the proposed 
curve (shown as blue background behind data) is due to the change in density (see Fig 
7.1 lb) and that the total mass of ZnO produced would increase linearly with time.
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7.4.1. A v o id in g  g ro w th  in h ib it io n
It has been seen in the literature that the a reduction in crystal growth rate over 
tim e (as discussed in section 7.3) could be avoided by either adding additional zinc 
nitrate solution [36], or replenishing the whole solution [37]. It was determined in sub­
section 7.1.1 that substrates would be floated on the  surface o f the growth solution to 
avoid contam inating the back o f  the substrate. It w as difficult to introduce additional 
zinc nitrate solution to the beaker without breaking the surface tension o f one or more o f 
the floating substrates causing them to plumm et to the bottom o f the beaker. Since this 
yielded differences sim ilar to that discussed in sub-section 7.2.1. then both adding new 
solution or moving the substrate to new solution w ere not investigated further. 
However, by increasing the solution volume from 250 to 500 ml subtle changes in 
morphology were observed. Fig. 7.12a. shows that precursor solution volume has a 
subtle impact on the m orphology o f  the nanowires, w here lengths o f  3.2 and 3.7 pm 
were obtained for 250 and 500 ml, respectively. W idths were sim ilar for both solution 
volumes, which is due to the degree o f  error created by the ‘fourling’ structure o f 
nanowires grown from each nuclei during the initial stages o f  crystal growth, as these 
can often collide in a partially destructive way reducing width.
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Figure 7 .12. Graphs show effect o f precursor volume on a) length and width and b) aspect ratio and 
density, where all other variables were kept identical. The error bars represent the ± standard deviation 
from 2 experiments or 180 measurements from 6 areas across 2 samples. [90°C  fo r  9hrs in 250ml unci 
500ml 25mM  / : /  sol. - lOmin stir (Imin hot) -  Glass coverslip w / 20nm PVD Seed]
It is assumed that the additional length observed stem s from an extension o f  the 
time taken for crystal growth rate to plateau due to  reduction o f  available precursors as 
witnessed earlier in Fig 7 .1 la. However the additional space for extra substrates that
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significantly increases sample yield means that 500 ml will be the preferred solution 
volume for all future experiments.
Figure 7.13. SEM images o f  ZnO nanowires taken a) normal and b) at 45 degrees to the substrate, where 
white arrows indicate the presence o f colloidal growth. Here samples have been grown in one solution for 
9 hours then new solution for a following 2 hours. Scale bars are 1 pm. [90°C  fo r 9hrs then 60°C for 2hrs 
both in 500ml 25mM 1:1 sol. - 55min stir (5min hot) -  Si (111) w/ 2x  Zinc Acetate spin coating cycles]
As discussed initially 500 ml beakers were employed to maintain precursor 
concentrations and super saturation o f  Z n“ ions during growth, though as Fig. 7.12. 
shows very little is changed and therefore the m ethod o f  replenishing the solution or re­
growth o f the samples as discussed in the literature by Tak and Yong [37] was explored. 
Fig. 7.13. shows that by re-growing samples in new precursor solution immediately 
after the first growth session unfortunately yields colloidal growth in between the 
nanowires, where colloids are highlighted by white arrows and easily recognisable due 
to their notched indents surrounding nucleation point in middle o f each nanorod. No 
matter how many rinses and ‘m ild’ sonication cycles were conducted the nanorods 
remained present and so contribute to the PL spectra in Fig 7.14c.
Fig. 7.14b shows that the aspect ratio o f the wires is drastically reduced after the 
2nd growth, due to an increase in length and width o f 30 % and 50 %, respectively. 
Unfortunately density comparison was impossible due to the num ber o f colloidal 
nanorods observed in between the nanowires using ImageJ, though crude analysis by 
eye showed density was unaffected; as would be expected. 60 °C was selected from the 
literature as it had been suggested by Joo et al [38] that the low tem perature o f the 
growth solution would yield a low incorporation rate o f non-zinc ions into the ZnO 
crystal, with their presence instead ju st limiting crystal growth. U nfortunately this was
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not the case as shown by Fig 7.14c where samples that had been regrown yielded a 
significant increase DLE area with an increase o f  47 % from the 1st to 2nd growth cycles.
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Figure 7.14. Graphs show a) length and width and b) aspect ratio, for before and after a 2 n(l growth stage 
was conducted. For a) data was taken from 90 measurements for each time point across 3 different areas 
and error bars represent ±SD o f the 3 areas. For c) photoluminescence data is normalized to the near band 
edge, and inset shows red shift o f near band edge after 2nd growth cycle.
The observed red shift in the NBE peak seen from 375 nm to 379 nm for 1st and
2 nd respectively is likely due to contribution o f  colloidal nanorods to the spectra, white 
arrows in Fig. 7.13. Also the widths o f  the nanow ires were 65 ± 8  nm and 123 ± 20 nm 
for I s’ and 2 nd, respectively; so assum ption o f  quantum effects causing the shift is 
therefore unrealistic. Yang et al. [39] observed a 6  nm shift in NBE peak position 
between their sample and the bulk and attribute it to change in strain between samples. 
It is possible that a change in strain could exist between the samples in this work as the 
regrown sample contains many colloidal nanorods that have grown free o f  the 
restrictions o f heterogeneous nucleation. This hypothesis is supported by an increase in
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the FW HM  o f  the NBE peak from 14.99 to 16.06 nm for Original and Regrowth, 
respectively; likely due to additional contribution from colloidal nanorods to NBE peak.
It can be concluded from the results that a tw o-step growth process should not 
be implemented due to the appearance o f colloidal nanorods in the array and the 
negative affect the 2 ,ui cycle had on both the aspect ratio and the optical properties. 
However, the doubling o f  growth solution from 250 to  500 ml did at least present the 
47 % increase in surface area allowing up to four 500 m m ‘ substrates to be floated.
7.5. Seed  la y e r  e x p e r im e n ts
The following experim ents assessed the effect o f  ZnO  seed layer com position on 
the m orphology o f  the nanowires, by investigating the m ethods employed for seed layer 
production (explained in chapter 3) and the effect that seed layer thickness and 
roughness have on the resulting nanowire array. Fig. 7.15. shows two glass substrates 
covered in ZnO nanowires after floating at 90 °C for 6  hours with identical variables 
other than a) was grown from a PVD coated substrate and b) from a spin coated one. 
The difference in uniformity is quite significant, though it should be noted that the spin 
coated substrate represents one o f the worse exam ples obtained before significant time 
was invested to refine the process by exploitation o f  substrate wettability. Contact 
angles were m easured for multiple zinc acetate carrier solvents, with typically the 
lowest angle solvent being selected for use, which in as in Fig. 7.16. was often ethanol. 
This section will provide the results and discussion only, see chapter 3 for procedures.
Figure 7.15. Photograph showing the difference in uniformity o f  nanowire growth across the substrate 
when using a) a PVD seed layer and b) a spin coated seed layer. The lack o f  growth on the bottom left o f  
a) is due to attaching the substrate to the platen to hold the samples upside down in the PVD system. 
[90°C  fo r 9.5hrs in 500ml 25mM 1:1 sol. -  ISmin stir -  Glass coverslip with a) 37nm ZnO P\ 'D at 230°C  
and b) 2x Zinc Acetate spin coaling cycles]
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7.5.1. Seed layer method
Fig. 7.16 shows high magnification SEM images o f ZnO seed layers on silicon
(111) substrates created via the spin coating and PVD procedures explained in section 
3.4. The mean ferret diam eter o f the seed layers ZnO grains were 14 ± 3 nm and 12 ± 1 
nm for spin and PVD coated substrates respectively; a significant difference. Note that 
the SEM  images for the spin coated substrates were obtained from  the centre o f the 
sample to negate the crowning effect apparent in all spin coated samples regardless o f 
solution viscosity, as calculated by Emslie et al. [40]. In chapter 3 it was explained that 
the zinc acetate solution spin coaled onto the substrate requires an anneal at 360 °C to 
fully therm ally decom pose to form ZnO [41]. It is this thermal annealing step to 
therm ally decom pose zinc acetate that is the likely cause o f  such differences in grain 
size between spin coated and PVD coated substrates as PVD seed layers, which were 
deposited at room tem perature. This is extremely important as it has been reported by 
Kenanakis et al. [42] that seed layer grain size has a direct effect on ZnO nanowire 
m orphology, were they observe that nanowire width increases with increasing seed 
layer grain size.
Figure 7.16. High magnification SEM images o f  ZnO seed layers created using a) the spin coating 
method and b) the PVD method. Scale bars are lOOnm. Notice the sintering in a) due to annealing 
substrates at 360°C.
The difference in seed layer ZnO particle size was observed to have a significant 
effect on determ ining the outcome o f nanowire m orphology, generally nanowire arrays 
grown using spin coated samples were always o f  higher aspect ratio and more densely 
populated (for exam ple Fig. 7.3d. compared to Fig. 7.1 Oi.). Although it may appear that 
ZnO nanowires grown from spin coated seed layers would be m ore desirable due to 
their higher aspect ratio, their uniformity and reproducibility is questionable and
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fluctuations in nanowire array density were often seen, see Fig. 7.17. This is likely due 
to non uniform thickness o f the seed layer (as shown by Fig. 7.15b), as it has been 
shown by W an-yu et al. [43] that seed layer grain size is affected by seed layer 
thickness and by Kenanakis et al. [42] that grain size determines nanowire width and 
therefore density/alignm ent. So it has been decided to use PVD coating for all future 
experiments, yielding more uniform and reproducible nanowire arrays.
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Figure 7.17. SEM images showing the differences in nanowire density across the array between a,b) 
PVD and c,d) spin coated seed layers. It was often observed that spin coated seed layer produced non- 
uniform distribution o f nanowires across the substrate, however PVD always yielded evenly distributed 
nanowire density; apart from certain phenomenom such as shown in Fig. 7.17. Images a and c) are taken 
top down, b) at 45 degrees and d) in cross-section; notice the decrease in nanowire density from left to 
right. Scale bars are 3pm. [90°C for 9hrs in 500ml 25mM 1:1 sol. -  35min stir — Glass coverslip with 3x 
Zinc Acetate spin coating cycles]
From here on PVD coated substrates will be exclusively used due to the uniform 
growth they yield, that allows a single 24 x 24 m m 2 glass cover slip to be fractured into 
9 equally sized substrates with identical m orphology, This is especially important for 
the biology in chapter 8 as every experiment needs to be conducted (as a m inimum ) in 
triplicate to guarantee statistically significant data. Now that PVD was to be used 
substantial effort was invested into increasing the aspect ratio o f  ZnO  nanowires grown 
on PVD coated substrates. Due to the size o f a U-2 OS cell com pared to a single
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nanowire it was assum ed that nanowires o f  higher aspect ratio could improve 
observation o f  cell-nanowire interaction for cell behavior analysis. Since M affeis et al. 
[1] (a colleague) had already extensively profiled the PVD procedure and determined 
that the optimum gas flow rates for oxygen and argon were 5 and 45 seem, respectively, 
to yield a chamber pressure o f <  3 x lO ° Torr. It was therefore deemed unnecessary to 
further investigate the gas ratio as this had already been extensively investigated in the 
literature, were it was shown that the addition o f oxygen to the cham ber improves c-axis 
orientation o f the deposited thin film [44].
Figure 7.18. SEM image o f  nanowires post cell fixation after 2 days cell culture, showing nanowires 
detaching from glass coverslip, where nanowires were grown from spin coated seed layer. Scale bar is
200 pm. [90°C  fo r  3hrs in 500ml 25mM 1:1 sol. - 35min stir -  Glass coverslip w / 2x Zinc Acetate spin 
coating cycles]
There are more fundamental problems in using spin coated seed layers to 
fabricate ZnO nanowire arrays, than irregular density and poor alignment. Fig. 7.18. 
shows ZnO nanowire arrays peeling from the substrate post cell fixation. After 
nanowire growth this sample has been washed in ethanol, seeded w ith 2.5 x lO 5 cells/ml, 
media added, incubated at 37 °C at 5 % C O 2 for 48 hours then washed in pre-warmed 
PBS, fixed by immersion in 3 % gluteraldehyde in sodium cocodylate buffer and dried 
in ethanol for SEM analysis. Fig. 7.18. shows that U-2 OS cells are present and firmly
1
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adhered on both the nanowires and the glass cover slip; therefore the peeling happened 
prior to cell seeding, likely during the cleaning o f  the sample in ethanol. The effect o f 
solution imm ersion on ZnO nanowires is covered more extensively in chapter 8, but has 
been discussed here to further support the decision to discontinue fabrication using spin 
coated seed layers.
7.5.2. Seed layer thickness
There is an unusual phenomenon that occurs when the substrate is held by a 
stainless steel washer and screw on the PVD substrate holder, where nanowires grown 
very near to the area where there is no seed layer always result in the production o f 
m uch denser and more well aligned nanowires, see Fig. 7.19. Because the witnessed 
phenom enon could be explained by a change in seed layer thickness and EDX was used 
to confirm  no elemental change due to the steel washer, then the relationship between 
PVD seed layer thickness and nanowire morphology was investigated.
Figure 7.19. SEM images showing in increase in nanowire density at a, c) the edge o f the sample near the 
clip compared to b, d) the centre o f the sample. Inset shows a 24 x 24 mm glass cover slip post growth 
with clip mark clearly visible, note that the labels ‘40’ are on the underside o f the glass substrate. Scale 
bars are I pm. [90°C  fo r  9hrs in 500ml 25mM 1:1 sol. -  35min stir (2min hot) -  Glass coverslip with 
40nm ZnO PVD]
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Fig. 7.20. shows the effect o f  seed layer thickness on the morphology o f the 
nanowires, with the thinnest 10 nm seed layer producing much less well aligned but 
longer nanowires while the thickest 50 nm seed layer produces m uch shorter and wider 
nanowires. Fig. 7.21 further expands on Fig. 7.20 and more clearly shows the 
relationship between thickness and m orphology. This finding is in good agreement with 
previously discussed literature that showed the correlation betw een seed layer grain size 
and nanowire m orphology. It can therefore be assumed that greater thicknesses allows 
for agglom eration o f  ZnO seed layer particles changing the grain size and roughness o f 
the seed layer. The agreem ent between aspect ratio and nanowire alignm ent seen in Fig. 
7.21b is significant and is likely due to the 72 % increase in nanowire width from 113 ± 
21 nm for 10 nm to 194 ± 37 nm for 50 nm. and thus im proving the alignment by 
reducing angular spread distribution by 63%. It can be assumed from these preliminary 
experim ents that nanowire width and alignment are in an inversely proportional 1:1 
relationship whereby if  nanowire width is increased then divergence decreases and vice 
versa; this is sim ilar to results reported in the literature [31].
Figure 7.20. SEM images o f ZnO nanowires grown on a) lOnm and b) 50nm PVD coated ZnO seed 
layers, where c) and d) are cross-sections for lOnm and 50nm thicknesses respectively. All scale bars are 
2pm. [90°C  fo r 9hrs in 500ml 25mM 1:1 sol. -  35min stir (2min hot) -  Glass covers/ip with ZnO PVD]
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Ji et al. [33] report that the morphology of ZnO nanowires strongly depends on 
the thickness of their RF magnetron sputtered ZnO seed layers. They observed an 
increase in nanowire diameter from 50 to 70 nm as well as a decrease in density from 
110 to 100 pm' while the seed layer thickness is varied from 20 to 240 nm. Similar to 
the results observed in Fig. 7.21. Xu et al. [45] suggest that larger seed layer grains 
would have a higher super-saturation and a higher initial growth rate, giving them a 
greater likelihood of developing into nanowires, therefore directly controlling final 
nanowire array density. Their hypothesis is supported by work by Lee et al. [46] who 
report that vertical alignment appears most prominent on thicker seed layers due to the 
increased density. This literature ties in well to work by Kenanakis et al. [42] who 
observe that seed layer grain size increases with increasing film thickness; likely due to 
the additional time atoms have to coalesce. Therefore it could be rashly concluded that 
thicker seed layers lead to better alignment due to a grain size controlling initial 
nanowire morphology mechanism. It is therefore critical to maintain a set seed layer 
thickness for all future experiments, how thick shall be discussed below.
The initial brief of this work was to create a force sensor to study cell-substrata 
interactions, since the mechanism required bending on the nanowires it was initially 
assumed that each nanowire would need to be well aligned within the array with a 
similar angle with respect to the substrate. Ideally this would mean that all nanowires 
were aligned 90° to the substrate, or perpendicular to it. This ‘ideal’ nano wire array is 
unlikely to be produced but even fabricating an array with an angular spread distribution 
of say 10 ° (i.e. all nanowires are aligned between 85 - 95° with respect to the substrate) 
would be more beneficial for monitoring of cell-substrate interaction. To determine the 
angular spread distribution for each sample alignment data was acquired from 90 
measurements taken from cross sectional SEM images of 3 different areas; see 
Appendix V for more details. As the distribution of angles was not always normally 
distributed but often slightly bimodal, error bars have not been used in the histogram; 
Fig. 7.22. The histogram shows that the alignment drastically improves with increasing 
seed layer thickness, as data for substrates deposited with 50 nm thick seed layers show 
that 54 % of all measured nanowires have an angular spread of <5 degrees. Meaning 
that just over half of the nanowires in the array are aligned between 85 - 95° with 
respect to the substrate. Fig, 7.22b shows that for example any nanowire grown from a 
seed layer of thickness 1 0  nm may on average diverge from being orientated 
perpendicular to the substrate by ±12°. That is to say that the nanowires in the array
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grown using 10 nm seed layer are on average aligned between 78 - 102° with respect to 
the substrate.
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Figure 7.21. Graphs showing the effect o f seed layer thickness on nanowire a) length and width, b) aspect 
ratio and the density o f the nanowircs. Data taken from 90 measurements for each thickness across 3 
different areas and error bars represent ±SD o f the 3 areas.
It would be incorrect to assume that seed layers w ith a thickness o f 50 nm 
should be employed due to the improved alignm ent o f the nanowires, as Fig. 7.21b. 
shows that although alignment is improved this is obtained at the cost o f  a change in 
array density. This increased density observed for 50 nm samples could be detrimental 
to quantification o f mechanical properties with atom ic force microscopy as well as force 
m easurem ent with cells as there would likely be insufficient space for the nanowires to 
bend enough to produce a significant change in strain. Although without testing this is 
merely speculation. Fig. 7.22b. shows the photolum inescence spectra o f  the three seed 
layer thicknesses, showing the DLE band increases significantly with increasing seed 
layer thickness. Fig. 7.22c compares surface area to  volume ratio to photolum inescence 
NBE to DLE peak ratio, where it can been seen that 10 nm yields the most ideal optical 
properties, likely due to the nanowires increased surface area compared to nanowires 
grown on other seed layer thicknesses. However, given the broad distribution o f angles 
observed for nanowires grown on 10 nm thick seed layers then this thickness is not ideal 
to be taken forward in this work. Given that nanow ires grown on 30 nm thick seed 
layers yield poor PL peak ratio but better angular spread distribution then the most ideal 
seed layer thickness would be between the two values. Therefore, a seed layer thickness 
o f 20 nm shall be adopted from this point onwards.
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Figure 7.22. (a) Shows a histogram explaining the distribution o f nanowire alignment, where values 
represent absolute angles o f divergence from alignment o f a nanowires c-axis perpendicular to the 
substrate, see Appendix V for more details, (b) shows change o f angular spread / alignment with change 
in seed layer thickness, (c) Shows Photoluminescence graph showing the effect o f seed layer thickness on 
the optical quality o f the nanowires. 325nm HeCd excitation source used and results are mean o f  3 
acquisitions from 3 different areas. Data is normalized to the near band edge, (d) compares PL peak ratio 
to the Surface Area to Volume Ratio.
7.5.3. Annealing the seed layer
It has just been shown that the thickness o f  the deposited ZnO seed layer affects 
the m orphology o f  nanowires, the following sub-sections explore the mechanisms 
behind the previously observed relationships. It is well established that when heat is 
applied to thin films the particles sinter leading to an increase in grain size [47], and for 
ZnO this is reported to happen between 600 -  1000 °C  [45,46], Being able to adjust the 
seed layer grain size is important as it has been reported that grain size directly effects 
the width o f the nanowires [50]. Fig. 7.23. shows high magnification SEM images o f  a 
20 nm PVD deposited seed layer before and after annealing at 500 °C in a tube furnace 
evacuated to 30 mbar with 200 seem Argon flow for 1 hour. The SEM images were
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obtained using a low accelerating voltage to minimise charging artefacts and beam 
induced heating that could lead to localised sintering of the seed particles. An image 
analysis program, Image J [51] was used to obtain the mean seed layer particle Feret 
diameters using a greyscale watershed algorithm freely available online [52]. It should 
be noted that the purpose of this set of experiments was to minimise / stop the 
occurrences of delamination of the seed layer and nanowires during tissue culture, as 
shown in Fig. 7.18. However, a change in seed layer grain size was observed even 
though samples were annealed at only 500 °C (the softening point of glass) so this 
change in grain size was investigated further.
It can be seen that the seed particles appear to have agglomerated during the 
process, with Fig. 7.24a showing that the seed particles mean ferret diameter has 
increased by 31 % from 11 ± 2  to 14 ± 2 nm. The graph also shows that the increased 
grain size has led to similar increase o f 34 % from 141 ± 33 to 188 ± 29 nm for 
nanowire width after a 90 °C for 9 hours in 500 ml 25 mM 1:1 solution growth. This 
result is similar to that reported by Song et al. [50] who suggested that grain size was a 
template that determined nanowire width; this interpretation would explain the 
relationship between nanowire width and a seed layer thickness witnessed in this work. 
It should be noted that although there is a width change between the annealed and non­
annealed seed layers the amount of material produced is very similar and must therefore 
be determined by the the concentration and precursor ratios of the solution; see Sub­
section 7.6,2. This can be shown by comparing the annealed and non-annealed samples 
which have aspect ratios of 24 and 34 and densities of 6.3 xlO8 cm2 and 9,3 xlO8 cm2 
respectively. However given this completely different morphology it would appear that 
the inverse relationship between density and nanowire width yields similar total sample 
(22 x 22 mm) ZnO volumes of 0.44 mm3 and 0.40 mm3 for annealed and non-annealed. 
The total volume of ZnO across the substrate was approximated by determining the 
volume of a single nanowire and multiplying the result by the total number of 
nanowires derived from the substrate area and nanowire array density.
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Figure 7.23. High magnification SEM images o f  PVD deposited ZnO seed layers, where a) is pre anneal 
and b) post anneal. Scale bars are lOOnm. N otice the sintering o f  the seed particles in b).
This experim ent confirms that thickness is not the only mechanism to effect 
obtained nanowire m orphology, and that the feret diam eter o f  the ZnO seed particles 
plays an important role in determining nanowire diameter. Fig. 7.24c shows the 
photoluminesence spectra for the two substrates post growth, it can be seen that there is 
little difference in the spectra again supporting that the system  is bulk sensitive. 
Therefore taloiring nanowire morphology using seed layer m orphology is ideal, 
however it is unclear how reproducible this trend may be w hen using seed layer 
thickness to control seed layer morphology so further investigation in neccesary. It has 
been reported by Yamabi and Imai [8] that seed layer m orphology can be affected by 
substrate roughness so this will be investigated next as sintering o f the seed layer 
although it lead to improved alignment (via increase o f nanowire width) the drastic 
increase in nanowire width and reduction in density could be detrimental to force sensor 
applications and therefore annealing o f  the seed layer prior to the start o f  chemical bath 
deposition will not be used in the final recipes.
Using the Thornton model (discussed in chapter 3) would suggest the films to be 
o f porous nature with unorganized crystallites yielding rough surfaces [53], as seen in 
Fig. 7.23b. Kumar et al. [54] profiled the effect o f  substrate tem perature on the grain 
size and orientation o f  ZnO thin films using RF m agnetron sputtering. They observed an 
increase in grain size from 12 to 49 nm for 100 to 300 °C, respectively; with all samples 
XRD analysis showing preferential (0002) c-axis alignm ent o f  grains. This is likely due 
to insufficient energy (due to lack o f  substrate heating) for deposited atoms to coalesce 
before the next layer has been deposited so that any slight fluctuation in substrate 
morphology would be highly influential on the resulting seed layer. Fig. 7.24d. shows
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an AFM  scan o f  a typical seed layer used in this work (un-annealed), from this image 
the RM S roughness can be obtained and was found to be nearly 1 nm. This is in good 
agreem ent with work by Kenanakis et al. [42] who observe an RMS o f 2 nm for a 30 
nm thick ZnO seed layer. The slight difference in roughness can be attributed to subtly 
differences in PVD method between the two works; e.g. oxygen / argon ratio e tc ... 
Roughness will be discussed further in the next sub-section.
30
=,20
_N
v5
'3  10
(a )
r 2 5 0
6 1 7 b ) -
! 1 - 2 0 0 i i
J - 1 5 0  c
E 4  - s •
i xz JZ
i  *
- 1 0 0  2  
£
- 5 0
t l
j 2 -
•
■  Grain Size  •  W id th
■T ............ 1 " - 0 0  -
■  Length •  D e n s ity
1.5
E
1.0 £ 
o
X
0.5 I*  c  v O
0.0
Original Annealed Original Annealed
 A n n e a le d
—  —  Original
T
350 450 550 650 750
W avelength (nm)
Figure 7.24. Graphs show effect o f seed layer annealing on a) seed layer grain size and nanowire width 
and b) nanowire length and density, for annealed and non-annealed seed layers. For a) grain size 
measurement where taken using a ImageJ water-shedding algorithm [52]. All error bars represent ±SD of 
results. For c) photoluminescence data is normalized to the near band edge. Image d) shows a 20 x 20 pm 
3D AFM image o f  a 20 nm thick ZnO seed layer on Silicon [90°C  fo r  9hrs in 500ml 25mM 1:1 sol. -  
35min stir (2min hot) — Glass coverslip with 20nm ZnO PVD either annealed or not]
7.5.4. Substrate roughness and lattice mismatch/metal buffers
It has been reported in the literature that nanow ires grown on different substrates 
result in variation o f produced nanowire morphology (see section 7.1) due to differences 
in surface roughness o f  the substrates [8], The substrates used in this set o f  experiments 
were silicon or silicon pre-coated with a 35 nm gold or nickel layer, glass was not used 
for these experim ents to allow careful m ounting o f  all substrates ( 4 x 4  mm Si(l 11)) so
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that it was possible to  mask selected substrates for metal deposition whilst depositing a 
ZnO seed layer on all substrates. Thus, all substrates used in a single experiment were 
deposited at the sam e time under identical conditions. This w ould simply have been 
impossible using the standard 22 x 22 mm glass coverslips, Silicon was selected due to 
the sim ilar nanowire m orphology to glass observed in Fig. 7.3.
Grouped 1 |------ Separated
Figure. 7.25. FESEM images o f ZnO nanowires acquired top down (a-c) and in cross section (d-f), 
comparing nanowires morphology as grown on (a,d) gold, (b,e) nickel and (c,f) silicon substrates. All 
scale bars are I pm. [90°C  fo r  9hrs in 500ml 20mM 1:1 sol. -  5min stir (Imin hot) -  Silicon Substrate 
with either 35nm Au or 35nm Ni or ju st substrate and 20nm ZnO PVD]
Fig. 7.25. shows the dram atic effect o f introducing metal layers between the 
Silicon substrate and the PVD deposited ZnO seed layer on the density and m orphology 
o f the nanowires; again observing the inverse relationship o f density to nanowire width. 
Nanowire length was seen to increase from 2.8 ±0.2 pm to 3.6 ±0.1 pm to 3.9 ± 0.2 pm, 
width increased from 82 ± 9 nm to 127 ± 17 nm to 149 ± 20 nm and density decreased
O J
from 129 to 16.3 to 9.4 xlO nanowires per cm for gold to nickel to silicon 
respectively. These densities are in good agreement with those observed in literature, 
where Greene et al. [41], report a mean density o f  5 x lO 10 nanowires per cm 2 for 
nanowires 1 5 - 6 5  nm in width Nanowires grown on metal layer coated substrates 
exhibit reduced crystal size compared to those grown without m etals. There is a clear
Chapter 7: Characterisation of Crystal Growth
preferential growth orientation along the (0 0 0 1 ) crystallographic direction perpendicular 
to the substrates, however it can be seen that this alignment is most prominent on the 
gold substrate.
It has been reported in the literature that substrate roughness is a significant 
contributing factor to nanowire alignment [46], As previously discussed, Kenankis et al. 
[42] have used Atomic Force Microscopy (AFM) to assess the importance of the seed 
layer roughness and mean grain size in obtaining well aligned ZnO nanowires. They 
report a correlation between seed layer particle size and RMS roughness with the 
obtained nanowire diameter after hydrothermal growth. Therefore the RMS roughness 
measurements were obtained using AFM to acquire 15 images in tapping mode from 
random areas on the substrate using a Silicon tip o f  8  nm radius (RTESP, Bruker) with a 
calibrated spring constant and frequency of 55 mN/m and 292.7 kHz respectively; 
results are shown in Fig. 7,26b, It can be seen that the inclusion of metal layers under 
the seed layer drastically increases the RMS roughness of the seed layer, a trend 
supported by measuring the ferret diameters of seed grains from SEM.
Table 7.2: Summary o f  the morphology o f  the nanowires grown on Si, Ni coated Si and Au coated Si, 
either in the same beaker or in separate beakers. 90 nanowires for each surface were analysed. The total 
surface enhancement is defined as the total surface o f the nanowires per square cm o f substrate.__________
Growth
Mode
Metal
Coating
Length
(nm)
Width
(nm)
Density
(NWs/cm2)
Aspect
Ratio
Total Surface 
Enhancement
Grouped Au 2 .8  ±0 .2 82 ±9 1.3 x l0 lu 34.2 8 8
Ni 3.6 ±0 .1 127 ±17 1.6 xlO9 28.4 2 2
None 3,9 ±0.2 149 ±20 9.4 x10s 25.9 16
Separated Au 3.6 ±0.2 105 ±15 1 .2 xlO l11 34,1 129
Ni 3.7 ±0.2 147 ±25 1 .2 x 1 0 9 25.3 2 0
None 4.6 ±0.2 156 ±28 9.2 x10s 29.6 2 0
The increase in growth rate resulted in a width increase and a slight decrease in 
density. However, there remain significant differences between nanowires grown on 
the three surfaces, regardless of whether they were grown together or separately. The 
nanowires on Au are consistently smaller, thinner, with a higher aspect ratio and a 
density one order of magnitude higher than nanowires grown for the other two surfaces. 
These differences mean that the total area of the ZnO nanowires per substrate unit area 
(shown in the last column of Table 7.2) is much greater for the Au coated substrates, at 
8 8  cm per cm of substrate for grouped growth (4.5 times that of Si), increasing to 129 
for separate growth (6,5 times that of Si), because of the higher growth rate. This has
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im portant implications to applications relying on high surface area, for example gas 
sensors. However in this work it is yet to be observed how significant surface area is to 
cell-nanow ire interaction and this will be investigated further in chapter 8.
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Figure 7.26. Graphs compare the effect o f  incorporating Au or Ni metal layers under the seed layer to 
Silicon control, where a) shows nanowire morphology, b) seed layer grain size and roughness, c) 
nanowire aspect ratio and alignment, and d) nanowire volume and array density.
Fig 7.26d. shows that the density o f nanowires fo llow s the same trend as grain 
size, which is opposite to the trends observed in the  previous heat treatm ent o f seed 
layer experiments. However the density is still inversely proportional to the obtained 
nanowire width and therefore growth m echanism s are similar, suggesting that the 
annealed seed layer in Fig.7.23. although yielded a larger seed grain size may have been 
less rough than the non-annealed sample meaning that the observed trend is more 
strongly dependent on seed layer roughness than grain size. It should be noted that if  the 
substrate were heated during seed layer deposition then according to modified Thornton 
model by Kluth et al. [55] sufficient energy would be given to the deposited atoms to 
allow them to coalesce before the next layer has been deposited yielding a smoother c- 
axis orientated thin ZnO film [56]. This happens as ZnO nanoparticles need to combine 
to reduce interfacial free energy as m olecules at the  surface are energetically less
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favourable than those in the interior [57]. Therefore for this set o f experiments it was 
decided not to try heating during deposition, nor anneal post deposition so that any 
slight m orphology created by the metal layer would be highly influential on the 
morphology o f the resulting seed layer.
The results suggest that seed layer roughness alters the density o f nanowires, 
likely via the mean free path fourling system described previously. Yamabi and Imai 
have reported ZnO to have a lower affinity for Silicon [58] which may explain the 
differences seen in seed layer grain size on the m etal substrates, as a higher affinity for 
metals would influence seed layer growth rate y ielding the slightly larger grain sizes 
observed for gold coated substrates. However findings in the literature [42], [50] 
contradict this trend, but this could be due to differences in recipes. For example, the 
observed mean length and width for nanowires grown on Silicon in this set o f 
experiments differs from those observed in Fig. 7.3. due to differing recipes; where 
tem perature and substrate surface area are key differences. The nanowires shown in Fig. 
7.26. are substantially longer at 3.9 ± 0.2 pm com pared those shown in Fig. 7.3. at 3.4 ± 
0.1 pm, this is likely due to the relationship o f  solution tem perature on the crystal 
growth rate o f  (0001) direction; as tem perature experim ents shown in Fig. 7.5. yielded
3.4 ± 0.1 pm in good agreement with results observed in Fig. 7.26. The slight 
differences between these results and those from all previous sections with similar 
recipes is likely due to substrate surface area discrepancies, with substrates in this 
experiment having a 56 % larger surface area than Silicon substrates using in 
temperature experiments.
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Figure 7.27. Photoluminescence o f Zinc Oxide nanowires on substrates with different metal bilayers Au, 
Ni and Si control. 325nm HeCd excitation source was used and results are mean o f 3 acquisitions from 3 
different areas. All data is normalized to the near band edge.
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Fig. 7.27. shows the photoluminescence spectra normalized to the near band 
edge emission of the nanowires seen in Fig.7.25. where introduction of a metal layer 
under the seed layer can be shown to negatively affect the optical properties of the 
nanowire with additional contribution from DLE within the band gap. Samples were 
annealed for 1 hour at 100 °C to remove surface state contribution, as shown by Shim et 
al. [59]. Interestingly while both silicon and nickel have defect bands that are within the 
broad visible light band centred at around 550 nm, it appears that gold is centered at 
around 560 nm with a more intense peak at 610 nm shifting the centre of its defect 
band. Work by Studenikin et al. [60] indicates that the green centered emission 
originates from oxygen vacancies within the crystal lattice, therefore it could be 
postulated that the metal cations interfere with the lattice creating interstitials and 
substitutionals (Oni and Nis), this being predominantly associated with nickel and its 
strong affinity for ZnO [61]. It has been shown in the literature that metal cations can 
interfere with hydrothermal ZnO crystal growth due to local reduction of OH’ precursor 
ions [62]. This variable will be examined further as it has been shown by Greene et al. 
[63] that scaling up hydrothermal recipes from test substrate size to whole wafers can 
have significant effects on nanowire morphology.
In conclusion it has been shown that a change in the morphology of the seed 
later likely caused by preferential nucleation during deposition and surface roughness 
governing the initial growth parameters of the nanostructures; and that it is the subtle 
differences between the grain size of the seed layers that lead marked changes in 
nano wire array density that lead to changes in length and alignment. While it is clear 
that metals maybe used to tailor the morphology of the nanowires there were 
detrimental consequences to the optical quality o f the crystals with substantial changes 
in NBE / DLE intensity ratio with the addition of metals. However, it can still be seen 
that the volume of ZnO material per cm2 grown on each substrate is independent of seed 
layer roughness with consistent volumes per cm2 of 3.02E+7 pm3, 3.30E+7 pm3 and 
3.60E+7 pm3 for Au, Ni and Si respectively; therefore the effect of solution 
concentration ideally needs to be investigated. Thus, 20 nm thick PVD seed layers with 
no underlying layer will be used exclusively from here on.
It should be noted that the PL spectra in Fig. 7.27. cannot be fairly compared to 
those in Fig. 7,24c. as different recipes were used in both sets of experiments. Though it 
is interesting to observe that one of the key differences, solution concentration (being 
25 mM for Fig. 7.24c and 20 mM for Fig. 7.27) has such a profound effect on the
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optical properties o f  the nanowires. Changes in solution concentration and precursor 
ratio will be discussed next.
7.6. S o lu tio n  E x p e r im e n ts
In Fig. 7.2. an equim olar zinc nitrate and hexam ine solution with a concentration 
o f  2.5 mM and growth tem perature o f 95 °C were chosen after finding encouraging 
observations reported by Xu et al. [4]. It was quickly determ ined that the amount o f 
ZnO nanowires produced was insufficient so the experiment w as repeated using a 
solution concentration an order o f m agnitude higher; this becam e the norm as 25 mM 
yielded a much higher density o f  ZnO nanowires. Other than the solution volum e in 
sub-section 7.4.1. a detailed investigation o f the precursor solution has yet to be 
conducted, this section contains the most important set o f experim ents and findings that 
lead to the use o f  the 2 main recipes used and extensively characterised in the cell- 
nano wire interaction phase o f  the work next chapter. This section will cover the role o f 
Hexamine, optimum solution concentration and precursor ratio, as well as smaller 
variables such as the effect o f  stirring and preheating the solution.
Figure 7.28. Shows the effect o f not preheating the solution prior to adding the substrates, b) bubbles 
often form on the underside o f the floated substrate, shown inset that caused regions o f no growth. The 
cross-sectional SEM image a) shows that the bubbles appear to decrease in volume over time, Scale bar is 
1 pm. [90°C  fo r 9hrs in 500ml 25mM 1:1 sol. -  35min stir (2min hot) -  Glass coverslip with 20nm ZnO 
PVD either annealed or not]
Fig. 7.28a. is a cross-sectional SEM image showing the effect o f  bubbles that 
form underneath the substrate on the growth on nanowires in that region, where it can 
been seen that the bubble either shrinks or expands over tim e inhibiting the contained
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seed layers interaction with the solution. The inset shows the substrate post growth with 
circular areas of limited nano wire growth clearly present. The photograph shows the 
formation of bubbles under the substrate. It was found early on in the work to optimize 
the hydrothermal growth method that if the water was not pre-warmed (i.e. used from 
RT) then two negative events often occurred, firstly the substrate being cooler than the 
surrounding water vapour provided the ideal surface and conditions for condensation, 
with this additional weight often leading to a floating failure rate of more than 80 %. 
Secondly bubbles covered in colloidal growth would often form within the growth 
solution nucleated on the PTFE beaker and as the solution warmed dislodge and float to 
surface producing a scum layer on the surface, as seen in Fig. 7.28b. It has been 
reported by Wang et al. [31] that the formation of this scum layer is due to the release 
of ammonia when the vapour pressure of the water bath is altered, such as in the 
instance of removing the lid during growth. Additionally any bubbles caught under the 
substrates would severely inhibit growth, destroying uniformity across the substrate. It 
should be noted that the two parallel lines seen running diagonally across the substrate 
are caused by the original technique of lowering substrates with a paperclip to support 
them. This however leads to alteration of seed layer thickness and subsequent changes 
in nanowire morphology; this was one of the earliest indications of the importance of 
seed layer thickness.
7.6.1. Precursor Concentration
The following set of experiments was conducted to obtain the most suitable 
precursor concentration to produce high aspect rati o, well aligned, mono-disperse ZnO 
nanowires of excellent crystal quality. The experiment explored the concentration range 
from 5 to 45 mM to confirm reports from the literature. Vayssieres et al. [30] suggests 
that by decreasing the precursor concentration by one order of magnitude the diameter 
of the nanowires shall also decrease by an order of magnitude, due to the critical 
diffusion of the monomers and subsequent limited growth. The original range of the 
experiment was from 5 to 50 mM, unfortunately the 50 mM sample dropped to the 
bottom of the beaker during growth making it unreliable for comparison to the other 
samples; so it was discarded. However, this compari son can be crudely made with 5 and 
45 mM instead, where it can be seen in Table 7.3 that Vayssieres et al.’s order of 
magnitude change does not occur.
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This could however be due to a difference in m easurem ent, as in this work all 
width measurem ents are taken from the length’s midpoint (as is often reported in the 
literature [64]) for consistency as all ZnO nanowires grown via the hydrothermal 
method are generally tapered and pyram id-like. It has been suggested by W ang et al. 
[15] that the form ation o f pyram id-like nanowires is due to the limited supply o f growth 
units from Zinc N itrate solutions o f concentration lower than 25 mM. Table 7.3. also 
shows the average angular spread / alignment o f  the nanowires with respect to the 
substrate, where the value is the amount o f  divergence plus or minus from alignment 
perpendicular to the substrate. Therefore, nanowires grown at 5 mM solution 
concentration were aligned on average between 70.2 -  109.8° with respect to the 
substrate, whereas those grown at 45 mM were aligned on average between 84.7 -  95.3° 
with respect to the substrate. The largest improvement in angular spread distribution is 
from 15 to 25 mM , which is easily observable in Fig. 7.29. Fig. 7.29. com pares cross- 
sectional SEM images for concentrations from 5 to 45 mM, where significant 
differences in m orphology with changing precursor concentration can be observed. 
Other than the drastic change from 5 to 15 mM the length there after doesn’t seem to 
alter much and only changes in density and substantial differences in width are observed 
with precursor concentration change.
Figure 7.29. Shows cross-sectional SEM images depicting the effect o f precursor concentration on 
nanowire morphology, where a) is 5 mM, b) 15 mM, c) 25 mM, d) 35 mM and e) 45 mM. Scale bars are 
all I pm. The photograph in f) shows the layout o f the experiment. [90°C  fo r  9hrs in 250ml 5-45mM 1:1 
sol. -  Omin stir (lm in hot) -  Glass coverslip with 20nm ZnO PVD]
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Table 7.3: Effect o f precursor solution on ZnO nanowire length, width, density and alignment.
Concentration
(m M )
Length
(pm)
Width
(nm)
Density
(NW s/cm 2)
Aspect
Ratio
Alignment
n
5 1.2 ±0.3 47 ±14 1.6 x lO 9 25.5 19.8
15 3.5 ±0.4 81 ±20 2.1 x lO 9 43.5 15.0
25 3.0 ±0.1 104 ±12 3.5 x lO 9 28.4 8.4
35 3.4 ±0.1 124 ±28 3.6 x lO 9 27.1 6.7
45 3.2 ±0.1 143 ±28 3.2 x lO 9 22.4 5.3
It should be noted that although the precursor concentration changes 
significantly, the pH o f the solution is unaffected, remaining at around 6.75 for all 
solutions at the start o f  the experiment. This is likely because (as discussed in chapter 3) 
HM TA is an O H ' producing buffer that maintains the pH o f each solution after a critical 
concentration is exceeded (see the following sub-section 7.7.2). Govender et al. [34] 
found a sim ilar starting pH o f 6.81 and examined the kinetics o f crystal growth with 
respect to the concentration o f HM TA, reporting that solutions containing Am m onia 
and/or form aldehyde (both byproducts o f thermal decom position o f HM TA) were 
supersaturated with respect to zinc hydroxide at pH 6.81. They go on to hypothesize 
that ZnO nanowire morphology may be affected during growth due to the influence o f 
these counter-ions; either through weak electrostatic forces or more significant physi- or 
chem isorption behaviour. W here electro statistic forces are likely to result in specific 
adsorption o f  ions resulting in change in point zero charge or f-potential, etc... PL 
results will be paramount to understanding if  solution concentration has forced 
substantial changes in growth kinetics such that surface adsorption is affected.
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Figure 7.30. Graphs show effect o f precursor concentration on a) length and width and b) aspect ratio and 
density o f  ZnO nanowires. For a) data was taken from 90 measurements for each concentration across 3 
different areas and error bars represent ±SD o f the 3 areas.
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Fig. 7.30a. shows the significant change in ZnO nanow ire morphology with 
increasing solution concentration, where the width o f the nanowires increases linearly 
with increasing concentration in an almost perfect (R2 = 0.984) linear relationship. This 
is in agreement with work by Shin et al. [65] who observe the diam eter and length o f 
their ZnO nanowires increase from 89 to 446 nm and from 1.3 to 3.7 pm, respectively, 
with increasing precursor concentration from 25 to 125 mM. It can be said that the 
result for 15 mM is questionable, given the large standard deviation o f length and erratic 
alignment, but all substrates were PVD deposited at the same tim e so that the seed 
layers will be identical, and the solution was made up at the same time, and stirred for 
the same time for each beaker. For these reasons the observed 195 % increase in 
nanowire length from 5 to 15 mM and subsequent 17 % decrease from 15 to 25 mM is 
most likely due to the super saturation level o f the  solution. W here it can be assumed 
that the 5 mM solution is not sufficiently supersaturated and therefore the precipitation 
o f the zinc hydroxide intermediate doesn’t occur as readily as it does for the 15 mM 
solution. The 25 mM solution is already above this assumed supersaturation level and 
so the additional precursors instead evoke a higher zinc chemical potential (a larger shift 
towards the right o f  equation 3.7) and so more nucleation sites form on the substrate 
surface, increasing the density and slightly reducing the length.
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Figure 7.31. Graphs show effect o f precursor concentration on a) the photoluminescence spectra for each 
sample, and b) the NBE/DLE peak ratio for each concentration. PL data is normalized to NBE.
Fig. 7.30b. shows the increase in density with increasing solution concentration, 
which plateaus above 30 mM and decreases thereafter. This trend is well established in 
the literature, where Peng et al. [66] has hypothesized that due to surface energy
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minimization the ZnO crystallites that nucleate along the c-axis will aggregate together 
due to excess saturation of the zinc hydroxyl intermediate precipitate. While Pacholski 
et al. [67] say that the increase in crystal width with increasing solution concentration is 
undoubtedly an Ostwald ripening process, whereby di ssolution of seed layer particulate 
increases with decreasing particle size leading to the growth of larger particles at the 
cost of the smaller ones. Jeong et al. [6 8 ] also report that Ostwald ripening as the 
mechanism behind the increase in nanowire width with increasing solution 
concentration, but only for concentrations greater than 50 mM. Xu et al. [69] observe a 
similar trend to this work, finding that density increases with increasing solution 
concentration but also has a tendency to plateau and decrease for concentrations > 2 0  
mM. Xu et al. hypothesise that the arrival of more ions to the substrate will not initiate 
new nuclei as the critical size required for a nucleus to grow into a crystal is less 
energetically favourable than attaching to an existing nanowire. This interpretation of 
the data would explain why after a critical solution concentration (25 mM) the other 
concentrations yield fairly uniform height. Additionally, although higher concentrations 
appear to not add additional length to the nanowire, and the density remains steady at 
higher precursor concentration levels the increase in nanowire width does indicate that 
more material is being produced. These findings show concentrations higher than 25 
mM to be unfavourable for this work, where high aspect ratio nanowires are required to 
more easily observe cell-nanowire interaction.
Fig. 7.31. shows the change in optical quality with increasing solution 
concentration, where interestingly it can be seen that the DLE peak intensity decreases 
from 5 to 25 mM then increases again from 25 to 45 mM; giving 25 mM the most ideal 
NBE/DLE peak ratio. This trend has also been reported by Lee et al. [70] where 
precursor concentrations from 10 to 70 mM in increments of 10 were used to profile the 
effect of solution concentration on morphology and optical properties of ZnO 
nanowires. They found that both 10 and 70 mM yielded the highest DLE peak intensity 
in photoluminescence spectra, while 30 mM gave the lowest DLE peak intensity and 
high NBE/DLE peak ratio. Instead the precursor solution concentration can be seen to 
directly affect the density of defects within the crystal lattice. Recent work by Penn and 
Banfield [71] have found that particles that coalesce on substrate may do so not by a 
dissolution and regrowth mechanism (i.e. Ostwald ripening) but also by a mechanism 
called orientated attachment. Orientated attachment involves spontaneous self­
organisation of adjacent nanoparticles such that a common crystallographic orientation
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is shared. If interface between two planes is not perfectly aligned then screw and edge 
dislocations at the contact areas can arise leading to significant defects within the crystal 
lattice. Penn and Banfield suggest that orientated attachment is more energetically 
favourable as it reduces the overall energy by removing surface energy associated with 
dangling bonds. This mechanism could well explain the trend in Fig. 7.31. as a 25 mM 
precursor concentration has been shown in Fig. 7.30a. to yield the most mono-disperse 
and well aligned ZnO nanowires, as shown by the tiny standard deviation. However, 
without extensive investigation with XPS and XRD etc... it is extremely difficult to 
prove this mechanism is occurring in this work and therefore this is only speculation. 
Regardless, all future experiments unless otherwise stated shall use 25 mM as precursor 
solution concentration at a 1:1 equimolar ratio, next the ratio is explored.
7.6.2. Precursor ratio
The results from the concentration experiments yielded 25 mM as a 
concentration that gave the best balance between morphology and density, and the most 
ideal photoluminescence spectra. However since this was an equimolar value, and the 
following sections explore the effect of altering the ratio of Z11NO3 to HMTA on the 
morphology on ZnO nanowires. First we shall explore the effect of HMTA 
concentration while Z11NO 3 is maintained at 25 mM for all data, as HMTA is often the 
main topic of conversation in the literature with its mechanism often hotly debated. It 
has been reported by Sugunan et al. [72] that the zinc hydroxide (Zn(OH)4) intermediate 
(discussed in chapter 3) created during the intermediate stage of the growth process can 
lead to a differing of the growth rate of the different crystal facets; with growth of non­
polar planes being inhibited by the chelating agent HMTA improving aspect ratio. 
Although this additional function for HMTA is commonly mentioned in the literature, it 
has been proposed by McPeak et al. [73] to be unlikely as they obtained similar 
morphology without the presence of HMTA, and used in situ attenuated total reflection 
Fourier transform infrared spectroscopy to determine that no HMTA is absorbed onto 
the surface of ZnO from solution.
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Figure 7.32. Cross-sectional SEM images comparing two different concentrations o f HMTA when 
Z n N 0 3 is held at 25 mM, where a) is the zinc nitrate to HMTA ratios o f 5:1 (25 mM : 5 mM) and b) is the 
ratio 1:1. All scale bars are 1pm. Notice the difference in non-polar facet growth in hibition between the 
two images. [90°C  fo r 9hrs in 250ml sol. Where ZnNO} held at 25mM and HMTA varied between 5- 
45m M -  lOmin stir -  Glass coverslip with 50nm ZnO Pl'D ]
Five 250 ml beakers were used to provide ample data to  profile the effect o f 
HM TA concentration on nanowire morphology by raising H M T^ concentration from 5 
to 45 mM in 10 mM increments while ZnN 0 3  was held at 25 mM. Fig. 7.32. compares 
the typical 1:1 equim olar (listed as 5:5 for clarity in graphs) zinc nitrate to FIMTA ratio 
to a 5:1 ratio o f  (25 : 5 mM), showing the drastic effect that HM TA has on inhibiting 
the growth o f non-polar facets. Notice the improved aspect ratio as width is decreased 
by 45 % and length increased by 95 % from 25 : 5 mM (5:1) and 25 : 25 mM (5:5 or 
1:1) precursor ratios, highlighting the importance o f HMTA.
Fig. 7.33a. shows that HM TA is a good chelating agent as a reduction in HM TA 
concentration from 25 mM to 5 mM severely increases the growth rate o f  the non-polar 
facets from 11 ±2 nm /hour to 21 ±4 nm/hour for 1:1 and 5:1, respectively. The 
reduction o f HM TA almost doubles the growth rate with an 82 % increase, highlighting 
how well the buffer perfoms as a non-polar facet ZnO crystal growth inhibitor, as 
discussed in the literature [72]. The data also confirms that the 1:1 eqim olar 25 mM 
ratio and concentration yields the most ideal aspect ratio and a reasonable density that 
should allow for ample bending o f the nanowires. Note that a 50nm  PVD coated seed 
layer was used in these experiments as they were conducted before the experim ents in 
section 7.5.2. revealed the importance o f seed layer thickness, therefore the alignment 
seen in Fig. 7.32 is not representative o f the final recipe. Fig. 7.33c. shows the 
photolum inesence spectra for 5:1 and 5:5 where it can be seen that the increased growth 
rate o f the non-polar facets is detrimental to the overal quality o f  the ZnO crystals. 
Deenathayalan et al. [74] show' a sim ilar trend by altering the ZnN 0 3  to HM TA ratio
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from 1:5 to 1:15 (where 1 is 20 mM), here they show a drastic increase in optical 
absorbance with increasing HM TA, using the data to calculate the band gap decrease 
from 3.4 to 3.1 eV. However, no such change is observed in Fig. 7.33c. and a 0.3 eV 
change would equate to a 35.29 nm shift. Although a slight 1.09 nm blue shift is 
observed from 5:5 to 5:9, it is likely this observation was overlooked as our upper 
HM TA concentration was only 45 mM.
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Figure 7.33. Graphs showing the effect o f varying concentration o f HMTA on nanowire a) length and 
width, b) aspect ratio and density. Data taken from 90 measurements for each thickness across 3 different 
areas and error bars represent ±SD o f the 3 areas. The numbers represent the ratio, i.e 5:3 = 25 mM : 
15 mM. c) shows photoluminescence spectra o f ZnO nanowires grown with 5, 25 and 45 mM o f HMTA. 
325nm HeCd excitation source used and results are mean o f 3 acquisitions from 3 areas. Data is 
normalized to the near band edge.
W e have previously discussed Demianels et al. [21] and their work on growth 
kinetics and defect incorporation, where it was show n that an increased crystal growth 
rate can introduce substantial defects within the lattice, affecting the photolum inesence
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spectra o f the ZnO nanowire array. This is especially noticable for both 5:1 and 5:9, 
where an increase in the DLE band area compared to 1:1 o f a 46 and 61 %, respectively 
can be observed. It is believed that this is due to the increased non polar lateral growth 
rate in 5:1, with a 82 % width decrease from 5:1 to 1:1. However, for 5:9 both axial and 
lateral growth rates are sim ilar to 1:1, being only 6.0 and 5.8 %  slower than 1:1 for 
length and width, respectively. Govender et al. [34] suggest that by increasing HM TA 
concentration the solubility o f the product increases while the therm odynam ic stability 
constants o f  the metal ligands (see chapter 3) decrease, thus highlighting the difficulty 
o f  m aking casual observations with interrelated param eters. By calculating the 
therm odynam ic stability constants o f solutions with different concentrations o f HM TA 
they observed a difference in the precipitation point o f the zinc hydroxide intermediate 
solute. Reporting Z n(O H )2  precipitation points for solutions containing Zn : HM TA in 
the ratios, 2:1, 1:1, 1:2, 1:4, 1:8 (where 1 = 25 m M ) occur at pH values o f 6.8, 6.8, 6.9,
7.04 and 7.16 respectively. W here these small changes in supersaturation at a given pH 
yield explain why as HM TA concentration increases, lateral growth rate decreases. But 
since no real change is observed until HM TA concentration exceeds 100 mM this effect 
should not be present here. Therefore it can be concluded that a 1:1 ratio yields the most 
favourable nanowire m orphology and optical properties.
Figure 7.34. Cross-sectional SEM images o f ZnO NWs on glass substrates grown with the following 
Zinc Nitrate to HMTA ratios, a) 1:5, b) 3:5, c) 5:5, d) 7:5, e) 9:5, 0  photograph o f substrates post growth. 
Scale bars are 150 nm for a) and I pm for b-e). Notice the substantial increase in ciystal growth rate as 
the amount o f Z n N 0 3 is increased, most notabliy shown by the gradient change in 9- [90°C  fo r 9hrs in 
250ml sol. Where HMTA was held at 25mM and ZnN()} varied between 5-45mM in 5mM increments 
across 9 beakers -  5m in stir (2min hot) -  Glass covers!ip with 50nm ZnO PVD]
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Next the effect of zinc nitrate concentration on the morphology of ZnO 
nanowires was investigated, where this time HMTA was held at 25 mM while ZnN0 3  
was varied between 5 to 45 mM in 10 mM increments. Fig. 7.34. shows the drastic 
change in morphology due to to increased concentration of zinc nitrate precursor in the 
solution. This observed increase in nanowire length is likely due to the additional zinc 
nitrate precursor providing more Zn2+ ions in the solution allowing the supersaturation 
of Zn2+ to be maintained for longer period of time; as it was previously discussed that 
Baruah and Dutta [29] suggested a significant reduction in growth rate after 5 hours. 
Since it was shown in section 7.3 that the supersaturation of Zn2+ ions is crucial to 
maintaining uniform crystal growth rate for the full duration of growth time by avoiding 
the dissolution and regrowth mechanism proposed by Qiu et al. [35]. However, the 
trendlines in Fig. 7.35a show a 875 nm increase in nanowire length per 5 mM of Z11NO 3 
which comes at a significant cost to aspect ratio, as the width also increases by 29 nm 
per 5 mM; yielding the best two aspect ratios of 14.2 and 10.2 at 3:5 and 1:1, 
respectively.
Fig. 7.35b shows that the inverse relationship between nanowire aspect ratio and 
density witnessed in several previous sections remains for these experiments. This 
relationship was previosuly atributed to lateral growth rate and the ‘fowling’ structure 
created from each nuclei during the first hour of growth, discussed in section 7.3. It can 
be clearly seen in Fig. 7.35b that the precursor ratio determines the morphology of the 
nanowires within the first hour of growth as the density is not consistent for each 
sample with the lowest Z11NO3 concentration producing the densist nanowire array, 
even though all seed layers were deposited simultaneously. This is interesting as this 
observation further supports the dissolution and re growth mechanism hypothised by Qiu 
et al. [35], where a decrease in width and aspect ratio with the reduction of the zinc 
precursor concentration was reportedly due to nanowire widths <100 nm. Where such 
small diameters cause the dissolution rate of the ( 0 0 0 1 ) polar facet to be decelerated due 
to insufficient exposed area, further increasing the aspect ratio as the six non polar 
facets are dissolved more quickly. This results in a decrease of the diameter and a quick 
increase in the length and aspect ratio, as recently decomposed zinc ions interact with 
the (0001) polar facet due to higher catalytical activity [75].
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Figure 7.35. Graphs showing the effect o f varying concentration o f HMTA on nanowire a) length and 
width, b) aspect ratio and density. The numbers represent the ratio, i.e 3 : 5 = 15 : 25 mM.
Fig. 7.36a shows the photolum inesence spectra o f all samples from 1:5 to 9:5 
ratios, where significant deviation from the equim olar 1:1 solution is shown to 
negatively affect the optical properties o f the ZnO nanowires. It can be seen in Fig. 
7.36b that the equim olar 1:1 25 mM concentration yields the most ideal nanowires in 
term s o f  optical properties and crystal quality, w ith 1:1 giving the greatest luminesence 
peak ratio o f  1.3. Fig. 7.36a shows that 1:5 yields most unideal spectra with the visible 
defect band being 1103 % larger than 1:1. This significant change in OLE emission is 
most likely due to a change in surface area to volum e ratio with the width o f the 
nanowires being drastically reduced for 1:5 at 19 ±3  nm compared to 71 ±13 nm for 1:1.
It can be seen that the visible band defect em ission peak for 1:5 is blue shifted 
by 4 nm from 588.20 to 584.77 nm for 1:1 and 1:5, respectively. There is also 
substantial em ission between the NBE and DLE peaks which is uncharacteristic for 
ZnO or its related defects which typically range betw een 0.8 - 2.8 eV [25]. However, 
due to the low intensity (rem em ber that Fig. 7.36a. has been normalised to NBE peak) 
the integration time was five tim es larger for 1:5 than all other concentrations being 
1000 seconds for 1:5 compared to 200 seconds for all other samples (in this work). It 
has been reported by D. Ehrt [76] that willemite (Z ^ S iO O  can yield 485 nm centred 
emission. It could be the case that such large integration times and such poor emission 
from the tiny ZnO nanowires has enhanced the appearance o f an emission that would 
normally go unnoticed under normally circumstances. Also due to the small size o f  the 
nanowires for 1:5, then the Surface Area to Volume Ratio (SAVR) would likely have a
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greater effect on the PL spectra, such that the results maybe surface sensitive and this is 
also contributing to the uncharacteristic PL spectra for 1:5.
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Figure 7.36. Graphs showing the effect o f varying concentration o f  HMTA on nanowire on a) the 
photoluminescence spectra for each sample, and b) the NBE/DLE peak ratio for each concentration.
Least mean squares linear regression trend lines in Fig. 7.35a. show that both 
nanowire length and width are effected linearly w ith the amount on zinc nitrate 
precursor added to the growth solution. This is a crucial Finding as a linear relationship 
allows for predictable growth at higher concentrations, w ith the data suggesting 
nanowires grown at around 2:1 will be o f larger w idth  and higher density; both these 
changes are likely to provide a more ideal surface for cell culture as observed by 
Canoifi et al. [77]. However as the photolum inescence data indicates, nanowires grown 
at precursor ratios with ZnNCL not equim olar to HM TA result in an increase o f  defects 
and surface states within the array. It was discussed earlier that an increased density 
could be detrimental to AFM force m easurem ents. It has been shown by ter Brugges et 
al. [78] that cells are more viable on surfaces w ith  less ‘no adhesive’ gaps; it would 
therefore be wise to take a 2:1 based recipe as wel 1 as the m ore ideal 1:1 based recipe to 
the cell culture phase o f this work to ensure that the nanowires are fully biocom patible. 
Before these two recipes are explored further the reproducibility will be investigated, 
highlighting the importance o f scientific diligence.
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7.7. S ig n ific an ce  o f  m in o r  v a r ia b le s  on re p ro d u c ib il i ty
Before recipes can be taken to the cell culture phase o f the work it is important 
to confirm that an adequate level o f reproducibility has been obtained. The following 
section will explore the importance o f accounting fo r every variable as small variables 
such as relative humidity, stirring time, beaker im m ersion depth and substrate surface 
area can all play a significant role determining nanow ire morphology. For example 
although the nanowires grown in Fig. 7.32. and Fig. 7.34. both have a 1:1 precursor 
ratio and 25 mM concentration the m orphology and optical properties o f  these two 
samples differs drastically! Therefore the effect o f  minor variables needs to be explored. 
The HM TA experiment yielded nanowires 3.2 ± 0.1 pm long and 102 ± 15 nm wide, 
while zinc nitrate experiment yielding nanowires 1.6 ± 0.1 pm long and 71 ± 13 nm 
wide, yielding an increase o f 95 and 44 % for length and width, respectively. These 
nanowires are significantly different in morphology and optical properties and yet the 
major variables have been reported as being identical (time, tem perature, seed layer 
thickness, solution concentration and ratio etc...).
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Figure 7.37. Comparison o f same recipe from two separate experiment sets, where a) shows length and 
width, and b) their optical properties. Data taken from 90 measurements for each thickness across 3 
different areas and error bars represent ±SD of the 3 areas. 325nm HeCd excitation source used and 
results are mean of 3 acquisitions from 3 areas. Data is normalized to the near band edge. In both cases 
the major variable were listed as: [90°C  fo r 9hrs in 250ml 25mM 1:1 sol. Glass coverslip with 50nm ZnO 
PVD]
Fig. 7.37. shows quite a significant difference betw een the morphology yielded 
from the two experim ents, w ith one length being alm ost double the other. Given the 
laboratory has a closed circuit air-conditioning system  (no interference from outside air) 
then contributions from outside ambient tem perature and relative hum idity can be
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neglected and are unlikely to have effected growth. These are suggested as it has been 
shown by Lee et al. [46] that relative humidity can have a significant effect on the 
formation o f  ZnO seed layers, however this is applicable to spin coated seed layers only 
so only PVD coated sample have been considered for comparison. Besides relative 
humidity w^as typically between 38 - 4 2  % and rarely fluctuated. However when the two 
recipes stirring times and size o f  substrates are compared differences appear, showing 
that the HM TA experiment was stirred for double the time o f  the ZnN 0 3  experiment; 
surely something so subtle couldn’t effect nanowire morphology so drastically?
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Figure 7.38. Histograms showing distribution o f  measurements for all PVD only 1:1 25 mM 
experiments with a seed layer thickness o f  20nm, where a) is length, b) diameter, c) divergence from c- 
axis (angle/alignment) and d) aspect ratio. Black lines show the normal distribution of  data.
Fig. 7.38. Compares the morphology o f  all nanowires fabricated using the 90 °C 
for 9 hours in 500 ml 25 mM equimolar solution w'ith 20 nm PVD coated glass cover 
slips recipe refined throughout the course o f  this chapter. The histograms comprise o f  
data from 1260 individually measured nanowires, and as such the normal distribution
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curves (overlayed as black lines) provide the mean value for each attribute measured 
across all 1260 nanowires that should be (hypothetically) identical; highlighting that 
although key variables already investigated are maintained significant differences 
appear. Table 7.4. shows the most dominant ‘bins’ for the histrograms in Fig. 7.38, 
which disagree with the means shown in Table 7.5. This is because the measurements 
are not perfectly mono-disperse with distribution curves having substantial tails in all 
but the aspect ratio, which has yielded a mean that correlates with the dominant bin, as 
shown by a Gaussian distribution curve.
Table 7.4: Dominant morphology from all PVD 25 mM 1: 1 experiments, from Fig. 7.38.
Highest % Bin Frequency %
Length (pm) 3 -3 .2 5 169 13.4
Width (nm) 90 -105 250 19.8
Angle (degrees) 2 - 4 196 15.6
Aspect Ratio 2 7 .5 -3 0 205 16.3
Table 7.5: Mean morphology from all PVD 25 mM 1:1 experiments, from Fig. 7.38.
Length (pm) Width (nm) Angle (degrees) Aspect Ratio Density (NW s/cm 2)
Min 1.3 40 0.0 22.9 7.2 x lO 8
Max 5.5 268 34.3 34.3 1.8 x lO 9
Mean 3.4 120 8.8 28.9 1.8 x10s
SD 0.9 41 6.7 3.8 4.8x10®
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Figure 7.39. Morphology of  all PVD only 1:1 experiments with a seed layer thickness o f  20nm is shown 
and organized chronologically by experiment number.
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Fig. 7.39. shows that several experiments deviate significantly from the average 
nanowire morphology o f  3.4 ± 0.9 pm and 120 ± 41 nm  (indicated by dashed lines and 
colour bars for SD). For example it is very interesting to observe that Runs 90, 102 and 
116 that yieled the smallest nanowires also have the  three shortest stirring times of  0, 5 
and 5 minutes respectively; this cannot be a coinsidence. Nor can it be coinsidence that 
Runs 107 and 108 that produced the largst nanowires were stirred for a significantly 
longer period o f  35 minutes each. Replotting Fig. 7.39. As a function o f  stirring time 
bears witness to a trend that may have otherwise been overlooked had reproducibility 
not been examined.
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Figure 7.40. Morphology o f  all PVD only 1:1 experiments with a seed layer thickness o f  20nm is shown 
and organized chronologically by experiment number. Error bars represent ±SD  o f  the 3 areas.
Fig. 7.40. shows when length and width are plotted as a function o f  stirring time 
that a least means squared interpretation o f  the results leads to a R 2 coefficient o f  
determination values o f  0.65 and 0.75 for length and width respectively. This data 
shows how extremely diligent one must be while using the hydrothermal growth 
technique to fabricate nanowires o f  the same morphology for use in other experiments 
where consistency is key, such as cell cultivation and viability assays. Fig. 7.40b shows 
again that density is shown to be inversely proportional to nanowire width, even from 
data sourced for separate experiments! As previously discussed, Qiu et al. [35] attribute 
their observed increase in nanowire length when the growth solution is preheated for 7 
hours prior to adding the substrate for nanowire growth, to the linearly decreasing zinc 
concentration during preheating. However in this work the solutions are stirred in room 
temperature water (21 °C), and so the change cannot be due to preheating unless we
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assume that the kinetic energy put into the system (from the stir bar) is sufficent enough 
to allow (at least) precipitation of the Zn(OH)2  intermediate. Which was often evident 
for longer stir times as the solution would go slightly cloudy, indicating a precipitate 
had formed. It is unfortunate that the starting pH of the solution was not always 
measured as it has been suggested by Ashfold et al. [79] that when the zinc ion 
concentration decreases the formation of Zn(OH)2  eventually becomes 
thermodynamically unfavourable. Such that any Zn(OH )2 formed will dissolve and 
contribute to the growth of nanowires by direct deposition of ZnO. If stirring leads to 
more rapid precipitation of the Zn(OH)2  intermediate, then it could be assumed that 
solutions that are stirred longer stockpile Zn(OH)2  allowing for more rapid deposition of 
ZnO compared to non stirred solutions.
After reviewing the earlier results (before run 107) it was decided that run 104 
would be used for all surface analysis and tissue culture work, as the experiments 104 
and 118 are the two closest batches to the mean of all 15 (20 nm PVD only) 1:1 
experiments. Run 104 also included nanowires grown at the 2:1 (ZnN0 3 :HTMA) ratio.
7.7.1. Effect of DI water temperature during stirring
Since it has been discussed that preheating the precursor solution can yield large 
increase in nanowire length and aspect ratio [35] then the effect of solution temperature 
during stirring (as indicated under all SEM images throughout the chapter) should also 
be considered, as this would significantly increase the rate of the reaction as the release 
of OH’ from HMTA predominantly relies on thermal decomposition.
In all previous experiments the solution has been mixed with 10 % of the total 
DI water while the other 90 % was pre heated to growth temperature to allow the 
reaction sufficient energy to begin as soon as the two solutions are added. Obviously 
this is not the case as the energy from stirring has been shown to significantly alter 
results, leading the author to believe that dissolution of precursors into separate 
solutions (as sometimes mentioned in the literature) would have been a more reliable 
way to obtain much improved reproducibility and tighter distribution in Fig. 7.39, 
Typically the preheated DI water is mixed with the 10 % stirred precursor solution and 
stirred for 1 minute before splitting into separate beakers when the experiment consisted 
of multiple beakers -(most were). It was observed that the solution could often become 
cloudy when stirred with solutions exceeding room temperature, literature suggests that
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the precipitate is the hydroxide (Zn(O H 2)) intermediate stage in the growth process [14], 
see equation 3.7. Therefore an experiment was conducted to compare the difference 
between dissolving precursors at room temperature (21 °C) and growth temperature (90 
°C), where the precursor chemicals would be stirred for 15 minutes.
Figure 7.41. Cross-sectional SEM images o f ZnO nanowires on glass substrates grown with different 
stirring temperatures, where chemicals were stirred for 15 minutes at a) room temperature (20°C) and b) 
90°C. All scale bars are 1 pm. [90°C  fo r  9hrs in 500ml 25mM 1:1 sol. — 15min stir fo r  one beaker at room 
and the other at preheat temperature -  Glass cover slip with 37 nm ZnO PVD]
Fig. 7.41. shows the difference in nanowire morphology due to stirring for 15 
minutes at either room temperature or the growth solution temperature. It can clearly be 
seen that dissolving the precursors in DI water at elevated temperatures significantly 
affects the growth rate o f  the ZnO crystals. It could be rashly concluded that stirring the
y_L
precursors at 90 °C must inhibit growth by reducing the availability o f  Zn once the 
substrate is added post stirring by promoting homogeneous nucleation during stirring; as 
the solution after 15 minutes was as opaque as milk. However, this cannot be caused by 
the zinc hydroxide intermediate stage as the growth has been inhibited which is contrary 
to findings in the previous sub-section and literature which observed a growth rate 
increase. Therefore, the solution must be so super saturated due to the dissolution of 
precursors at elevated temperature that homogeneous nucleation o f  ZnO dominates, as 
per observations by Govender et al. [34]. This hypothesis can be further supported by 
Degen et al. [80] who report that Z n 24 dominates at pH 6 -  7, whereas Zn(OH ) 2  
dominates at pH 9 -  11; solution pH will be discussed in further in the next sub-section.
Fig. 7.42a shows the measured nanowire morphology comparing the difference 
between elevated and room temperature stirring, where stirring for 15 minutes at room 
temperature yielded nanowires o f  3.4 ± 0.1 pm and 77 ± 9 nm while stirring for 15
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minutes at 90 °C yielded nanowires o f  1.4 ± 0.1 pm and 42 ± 4 nm, for length and width 
respectively. These values show an astounding decrease in crystal growth rate o f  59 % 
and 46 % for length and width respectively from cold to hot stirring. This finding is 
similar to that observed in Table 7.3 and Fig. 7.30. for 5 and 15 mM. Again an inverse 
relationship in maintained between nanowire width and  density. Notice that this data 
though not included in Fig. 7.39 due to it 37 nm thick PVD ZnO seed layer would at 
3.4 pm after 15 minutes stirring be in good agreement with the trend line. This 
experiment further highlights the complex nature o f  the hydrothermal method.
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Figure 7.42. Graphs show effect o f  stirring temperature on a) length and width and b) aspect ratio and 
density, and c) shows photoluminescence spectra comparing stirring temperature, data is normalized to 
the NBE for both cold and hot solutions.
Although the data suggests discontinuing any form o f  stirring at elevated 
temperature this step is crucial to making sure that the 10 % solution stirred at room 
temperature and 90 % preheated solution are thoroughly mixed so that the precursor 
chemicals are evenly distributed. Therefore a 1 minute stirring using preheated DI water 
will always occur, regardless o f  the time the solution is stirred at room temperature.
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Also following the analysis of 25 mM 1:1 stirring data it can be said that although 
stirring for longer yields a longer nanowire it also produces a wider one, as Fig. 7.40b 
shows that the aspect ratio barely affected. Therefore there is no reason to stir for 
extended durations from here on as there is no benefit to nanowire morphology with 
respect to bending and cell analysis. Also, as Fig. 7.42c shows that the optical properties 
are affected by stirring temperature, with solutions stirred at elevated temperature 
yielding poor quality nanowires; likely due to increased defect incorporation due to 
decrease in zinc ion concentration (as shown in as Fig. 7.31).
The effect of substrate surface area (i.e. nucleation area) on nanowire 
morphology is not accounted for in either stirring sub-sections and could be accountable 
from some of the observed variation from the mean. It could be argued that the solution 
should be treated as having an infinite supply of precursor ions (Zn and OH‘) given its 
large volume (500 ml) and high concentration (25 mM). However, it is has been 
discussed in section 7.4. that work by Baruah and Dutta [29] reported the need to 
replenish the solution to avoid decreased growth rate and a dissolution and regrowth 
mechanism dominating. Such observations could not be made if the solution were 
infinite; therefore the total surface area available for heterogeneous nucleation could 
have significant effects on the long term availability of precursor ions as a change in 
surface area will alter the time point at which dissolution and regrowth dominate.
7.7.2. Solution pH and Homogeneous Nucleation
During this work some key initial experiments were repeated and samples of 
solution taken at 30 minute intervals, with the intention to check the Zn2+ content of the 
samples using Atomic Absorbance Spectroscopy (AAS). Although analysis with AAS 
did not occur as planned (sample volume sizes were too small) the collection of samples 
allowed solution pH to be tested and changes in pH during the experiments to be 
observed. This prompted the repeat o f several experiments using a pH probe during the 
experiment to obtain pH results in real time. It should be noted that for each 30 minute 
measurement of solution pH the pH probe was cleaned between measurements and pH 
reading allowed to stabilise for 1 0  minutes.
The observed change in solution pH over time is not unexpected as it is 
understood that the finite amount of HMTA will expire, with Burah and Dutta [29] 
suggesting a 5 -  6  hour limit per solution until precursors are exhausted. Burah and
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Dutta derive this time limit irrespective o f  volume or concentration as HTMA can only 
be considered a buffer if it thermally decomposes s lo w ly ,  as if it spontaneously 
hydrolysed quickly producing a large quantity o f  OH ' then the Zn2" ions in solution 
would precipitate out rapidly due to the high pH environment; resulting in depletion o f  
precursor solution and subsequently prohibited growth o f  ZnO nanowires [79]. 
Therefore, the pH change was reinvestigated, however given the size o f  the pH probe it 
became impossible to measure the pH for for beakers with more than two 22 x 22 mm 
substrates (at this point in the work four would be used).
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Figure 7.43. Change in pH over time comparing the previous recipe (250ml of  lOmM 1:1 growth 
solution stirred for 40 minutes) and current recipe (500ml o f  25 mM 1:1 growth solution stirred for 15 
minutes) . Where the black arrows highlight the datums corresponding to the vials in the photographs, 
from left to right, 30 minutes, 4 hours 30 minutes and 9 hours. The graph compares a low volume low 
concentration and high volume high concentration, see how the high concentration has a rapid reduction 
in OH' likely due to substantial homogeneous nucleation within the first 2 hours as indicated by the glass 
vial at 30 minutes.
Fig. 7.43a. shows two sets o f  pH measurements, one recorded in a 10 mM 
250 ml solution and the other in a 25 mM 500 ml solution; the latter being the expected 
recipe this far into the work. The 10 mM solution gradually decreases it pH over the 9 
hour period o f  nanowire growth, whereas the 25 mM solution starts with an initial rapid 
decrease in pH from 0 - 1 . 5  hours, then a slight increase to pH 6.0 as the solution 
stabilises. Since the OH' concentration decreases (increases) by one order o f  magnitude 
for every unit decrease (increase) in pH [18], then a high volume o f  homogeneous 
nucleation and formation o f  colloidal ZnO must take place within the first 2 hours in the
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25 mM solution. This is most likely due to the overly super saturated solution dropping 
to a less super saturated state after 2  hours making homogeneous nucleation 
unfavourable, as indicated by the lack of precipitate visible in the solution at 4.5 hours 
compared to 30 minutes, in Fig 7.43b. However, Hodes [18] has pointed out that 
although an excess of OH’ should increase the production of the zinc hydroxide 
intermediate, there is also another intermediate stage (discussed in chapter 3), where
94* 9OH' can form a complex with Zn called the zincate ion (Zn(OH)4 ’).
This observation is also supported by Jacobs et al. [14] who report that the 
addition of base to the zinc salt solution causes pure hexaqua zinc ion complexes to 
precipitate zinc hydroxide forming the soluble zincate anionic complex. Since zinc 
hydroxide is an amphoteric metal hydroxide then it can be assumed that it can act as a 
Bronsted base [18] causing more zinc hydroxide to be formed. However, pH on its own 
makes any kind of hypothesis on chemical interactions difficult to prove, ideally AAS 
(Atomic Absorbance Spectroscopy -  which yields the concentration of a specific ion in 
a solution) needs to be incorporated into this work to further understand the chemical 
mechanism behind the reaction. Ashfold et al. [79] have conducted an AAS and pH 
investigation in situ and find that while the Zn2+ concentration steadily decreases over 9 
hours the pH only changes for the first 2.5 hours. They postulate that this is due to the 
removal of the zinc hydroxide intermediate, which becomes thermodynamically 
unstable and dissolves at lower Zn2+ concentrations.
Govender et al. [34] suggest that the point of introduction of the substrate to the 
growth solution has a significant impact on the morphology of the ZnO nanowires. 
Stating that if the seeded substrate is inserted in the solution 15 minutes after 90 °C is 
reached, the bath produces no homogeneous precipitation during the reaction period and 
a dense white film is obtained. More importantly Govender et al. also support the 
growth of ZnO nanowires at the unadjusted pH of 6 .8  (such as in this work), reporting 
that precipitation occurred rapidly in baths in which no pH adjustment was made, by 
using both ZnO seeded substrates and lower solution pH, good quality films can be 
deposited. This is because the rate of HMTA hydrolysis decreases with increasing pH 
reducing the availability of precursor ions.
pH was initially investigated and the results showed previously in Fig 7,1 Id. 
where the pH of the solution over the course of the 9 hour growth time was shown to 
drop by 0.2 pH from 0 to 5 hours, gradually falling after that. This trend followed 
colloidal growth observations where after 3 - 4  hours the colloids were witnessed to
Chapter 7: Characterisation of Crystal Growth
have settled and formed a sediment at the bottom of the beaker; indicating that colloidal 
growth formation had likely ceased. It was hypothesised that this was likely due the pH 
falling outside of the optimum for colloidal growth, as similar results had been reported 
in the literature [81]. However Fig 7.1 Id. showed the change in pH for Experiment 73 
whos recipe was 90 °C for 9 hours in 250 ml 10 mM 1:1 solution with a 40 minute room 
temperature stir (2  minute hot) and a single floated glass coverslip with a zinc acetate 
spin coating seed layer. Therefore Fig 7.43. represents an update now the the recipe has 
been almost finalised; and what a significant difference it displays! It is worth noting 
that the starting and finishing pH are similar for both experiments and that the main 
differences are, concentration, volume, subtrate surface area and stirring time. It would 
appear that the increased volume and concentration yields a higher volume of colliodal 
nanostructures due to the concentration; and therefore supersaturation as discussed in 
section 7.6.
7.8. Characterisation of Final Recipe
Fig. 7.44. shows multiple techniques used to prove that the nanowires grown 
using the final recipe are indeed ZnO, and of good crystal quality. These techniques 
include high resolution transmission electron microscopy (HRTEM), selected area 
electron diffraction (SAED), energy dispersive x-ray spectroscopy (EDX) and x-ray 
diffraction (XRD).
Fig. 7.44a shows a HRTEM image of a single ZnO nano wire, where the lattice 
spacing’s for both ao and Co are clearly visible and match with the properties of ZnO 
discussed in Table 2.1; where ao and Co are reported to be 0.325 nm and 0.521 nm, 
respectively for bulk ZnO at 300 K [82]. It can also observed that the lattice of this 
nanowire is highly ordered with no point defects (such as vacancies or dislocations 
close to (1010) etc...) visible in the image. Fig. 7,44b shows the selected area electron 
diffraction (SAED) pattern for the nanowire in the HRTEM image, where is can be seen 
from the discrete spots that the nanowire is single-crystal, and is preferentially grown 
along the c-axis (0001). Fig. 7.44c shows the energy dispersive x-ray spectroscopy 
(EDX) spectra for an array of hydrothermally grown ZnO nanowires, where only Zn 
and O elements can be seen indicating no contaminants are introduced via the 
hydrothermal method. It should be noted that the EDX has a detection limit of 200 ppm,
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so trace amount o f  contaminants may exist [83]. EDX can be used to determine the 
amount o f  Zn and O elements are present within the nanowire array, where Fig. 7.44c 
yielded atomic percentages o f  51.34 and 48.66 % (SD ± 0.17%) for Zn and O, 
respectively. This result is in good agreement with observations by Xue et al. [84], and 
indicates the nanowires have close to ideal stoichiometry.
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Figure 7.44. HRTEM images of  a single ZnO nanowire fabricated using the hydrothermal method, where 
a) is a HRTEM image with c and a axes measured and the c-axis growth direction [0001] labeled. Also, b) 
shows the SAED pattern, c) the EDX spectra and d) the XRD spectra with orientations labeled. [90°C for  
9hrs in 500ml 25mM 1:1 sol. -  lOmin stir (Imin Hot) -  Glass coverslip with 20nm ZnO PVD]
Although it is difficult to tell from Fig. 7.44d the (0002) peak exhibits the lowest 
full width at half maximum (FWHM) and highest intensity compared to the other 
diffraction peaks, see Table 7.6. This indicates that the [0001] growth direction is the 
preferred direction o f  growth for these hydrothermally grown ZnO nanowires. It has
0.523nm
0.319nm
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also been reported that narrow diffraction peaks show that the material is of good crystal 
quality [57], Fig. 7.44d certainly has peaks with very small FWHM, with the planes 
(10TO), (0002) and (10T 1) yielding FHWM of 0.067 °, 0.063 ° and 0.113 °, 
respectively. The degree of c-axis orientation can be accessed via the relative texture 
coefficient (TC), which was calculated to be 0.8 for Fig. 7.45d using the following 
equation from [85].
TC0002  (^0002/^0002 )_____
[ ( ^ 0002 A 0 0 0 2  ) +  (^1011 A l O l l  ) ]
(7.1)
Where /0002 and /1011 are the measured diffraction intensities due to (0002) and 
(10T1) planes of as grown ZnO nanowires, respectively. 7°ooo2 and P \m  are the values 
taken from reference card 96-230-0113 [8 6 ], freely available online from the 
Crystallography Open Database [87]. Peak values from reference card 96-230-0113 are 
shown in Table 7.6. for comparison to peak values obtained from nanowires fabricated 
using the final recipe in this work. Kajikawa et al. [85] has shown that for equation 7.1 
TC0Q02 -  0 , 0.5 and 1 correspond to preferred orientations that are (1 0T 1), random and 
(0002), respectively. Using data from Fig. 7.44d, (0002) yielded the highest relative 
texture coefficient value of 0 .8 , which was significantly larger than other values, 
therefore, the (0002) plane must dominate in our hydrothermally grown ZnO nanowires. 
Also, the XRD results show the nanowires to be free from impurities as no non ZnO 
diffraction peaks were detected within the measured region. As well as being free from 
substantial internal strain, as Ando et al. [8 8 ] has shown that such strain results in a shift 
of the (0002) peak to lower diffraction angles; not witnessed in Fig. 7.44d. These 
techniques have proven that the final recipe used in  this work to fabricate ZnO nanowire 
arrays for cell viability (chapter 8 ) are made of ZnO and of high crystal quality.
Table 7.6: FWHM o f  peaks in Fig. 7.44d, highlighting (0002) is the preferred orientation with the lowest 
FWHM. Peak positions from Crystallography Open Database reference card 96-230-0113 are also shown.
Plane (loTo) (0002) (10T1) (10T2) (10T3) (1112)
Peak Position (°) 31.788 34.458 36.282 47.566 62.884 67.970
FWHM 0.074 0.059 0.133 0.104 0.069 0.133
96-230-0113 31.773 34.430 36.260 47.549 62.873 67.961
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7.9. Summary
This chapter has taken the reader on a journey though the thought process of the 
author and the decisions made profile the hydrothermal growth method to finalise a 
recipe for use in subsequent microbiology experiments. From this point onward two 
recipes will be used, firstly both will be grown at 90 °C for 9 hours in 500 ml however 
the precursor ratio will be altered with one a 25 mM 1:1 solution and the other a 
50 mM : 25mM (ZnN0 3  : HMTA) solution both stirred at room temperature with 10% 
of the total volume (50 ml) for 15 minute followed by stirring for 1 minute after the 
preheated Di water has been added to the solution. This desision was made to just alter a 
single varable to maintain a low level of human error to improve reproduciblity of the 
recipes as the majority of micro biology experiments need to be run in triplicate to 
ensure differences in data are significant -  this requires a lot of samples! The reason for 
picking the 2:1 (50 mM : 25 mM) recipe was the substantial increase in nanowire width 
and reduction in aspect ratio, which could improve biocompatibility as suggested in the 
literature. The following chapter will look at the two recipes in more detail explaining 
the literature that lead to the decision then looking at the surface properties of the wires, 
their biocompatibility and finally their effect on cell behavior.
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Chapter 8. Cell Viability on Zinc Oxide 
Nanowires
8.1. Introduction
This chapter is the summation of the results of previous chapter, where the
properties of the two recipes are more rigorously tested for use in life sciences. The 
recipes both used 500 ml of precursor solution at 90 °C for 9 hours with four 
22 x 22 mm glass coverslips substrates coated in 20 nm ZnO seed layer via PVD. They 
were both stirred for 15 and 5 minutes in room temperature (cold) and 90 °C (hot) DI 
water, respectively. The only difference being their precursor ratios 2:1 and 1:1, where 
1 = 25 mM and ratio is Zn(NO)3 : HMTA. 2:1 was also included for phase two (cell- 
substrata interaction and viability) as it was deemed necessary as it was shown in the 
literature by ter Brugge et al. [1] that gaps between surface structures are non-adhesive 
for U-2 OS cells and so substrata with large gaps yield a reduction in proliferation rate. 
The results were split this way as the author felt the reader may understand better the 
reasons behind observations with respect to the cel 1-substrata interaction if the 
properties of the two recipes were covered beforehand.
In this work U-2 OS (ATCC, USA) osteosarcoma cells were used due to their 
low level of chromosomal anomalies and fast proliferation rate, to build upon the 
limited quantity of cell types explored for biocompatibility with ZnO nanowires, which 
have (at the time of writing) only been investigated for viability with Hela [2], H9C2, 
PC 12 [3] and SAOS-2 [4]; and a preliminary investigation presented by the author for 
U-2 OS [5]. Three substrata are used throughout the study to help determine the role of 
nanowire morphology on the viability of cells on nanowires; including a glass coverslip 
for control. This preliminary investigation is phase two of a larger project, the first 
being reproducible production of ZnO nanowires covered in the previous chapter.
This chapter will cover the interaction of zinc oxide nanowires with an 
osteosarcoma cell line, specifically how different substratum surface properties affect 
both the viability and behaviour of the cells. The following areas have been investigated 
and will be discussed:
- Properties of ZnO Nano wire post Immersion in Cell Medium.
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Comparison o f  Nanowire Properties.
Biocompatibility with MTS and LIVE DEAD Assays.
Cell-Substratum Interaction with ImmunoGold SEM o f  a-vinculin.
Substratum Surface Properties
The above will show how simple properties such as surface charge can have an 
astonishing impact on cell behaviour and proliferation.
Throughout the majority o f  data presented in the chapter the statistically derived 
relevance o f  the data will frequently be shown using Student’s Ttest. In this chapter, if a 
Ttest line and asterisk encompasses multiple data groups then they all possess the same 
significant difference between each other; unless otherwise indicated by another Ttest 
bar and asterisk below. The majority o f  the data will show a groups significance versus 
the control, deviation from this will be explained in the figure caption. The significance 
will be shown in the following convention, * indicates p < 0.005 and ** p < 0.05.
8.2. Z in c  O x id e  n a n o w ire s  in so lu tio n
Before it was decided that two recipes would be used to optimize data from cell-
substrata interaction analysis, 1:1 was tested for its compatibility in solution for 
extended periods o f  time (up to 72 days for tissue culture). However, because the 2:1 
nanowires are much wider than the 1:1 nanowires the surface to volume ratio will be 
significantly higher for 1:1 nanowires possibly leading to increased differential loss o f  
ions from the lattice. Therefore if the structure o f  1:1 remains intact for 72 hours there is 
a high probability that 2:1 will also.
500nm
Figure 8.1. Scanning electron micrographs showing the changes in the appearance o f  zinc oxide 
nanowires (A) before and (B) after Ishikawa cells cultured for 2 days in DMEM medium at 37 °C 5 % 
C 0 2 and subsequent fixation in 3 % Glutaraldehyde. It should be noted that cells were stored in PBS at 
4 °C for 2 weeks prior to drying via ethanol series and imaging with SEM.
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Normally in life sciences plates/experiments containing cells are fixed and 
stored in PBS at 4 °C for long term storage. However, it was found that this leads to 
significant degradation o f  nanowires, as seen in Figure 8. 1., where the time-frame is as 
follows. The substratum was fabricated on the 29/03/2011 and promptly characterized 
with Scanning Electron microscopy (SEM) after removal from solution in the early 
hours o f  30/03/2011, to allow Ishikawa cells to be seeded later that day on the 
30/03/2011. After 2 days incubation in DMEM medium at 37 °C 5 % CCE the sample 
was fixed in 3 % glutaraldehye on the 01/04/2011, stored in PBS at 4 °C then imaged 
using SEM on the 13/04/2011. Fig. 8.1. shows that 2 weeks storage in PBS at 4 °C is 
sufficient enough to significantly degrade the nanowires, and therefore from this point 
onwards all experiments were run through an ethanol series and blotted for storage in an 
ambient environment at room temperature, unless otherwise stated.
Fig. 8.2. shows the changes in zinc oxide nanowire morphology after immersion 
in HBSS, M cCoy’s 5A medium and PBS at 37 °C 5 % C O 2 for 168 hours (7 days). 
Scanning Electron Micrographs acquired at 100„000x magnification highlight the extent 
o f  morphology change o f  the zinc oxide nanowires. Exposure to M cCoy’s 5A medium 
and PBS affects the surface and morphology o f  the nanowires more than HBSS.
Figure 8.2. Scanning electron micrographs showing the changes in the appearance o f  (A) zinc oxide 
nanowires after immersion for 7 days at 37 °C 5 % C 0 2 in (B) HBSS, (C) McCoy’s 5A medium 
(supplemented with 10 % FBS) and (D) PBS.
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The measured pH values for McCoys 5A media, PBS and HBSS were found to 
be 6.9, 7.4 and 7.2 respectively, using a VWR pHenomenal 221 pH meter. It has been 
reported by Zhou et al. [6 ] that ZnO nanowires are biodegradable in horse blood serum 
(pH = 8.5), with a single nanowire being dissolved completely within a few hours. 
Muller et al. [7] exposed ZnO nanowires to two different simulated body fluids (SBFs) 
in vitro, the first SBF was similar in ionic composition and pH to extracellular fluid (pH 
7.4) and the second SBF similar to lysosomal fluid (pH 5.2) with human macrophage 
viability also observed. It was found that ZnO nano wires were stable at extracellular pH 
but readily dissolved at intracellular pH. But more importantly Muller concluded that 
the cause of macrophage necrosis was primarily the concentration of ionic Zn rather 
than the substratum topography, as when the solutions were filtered to remove non­
dissolved ZnO nanowires and the amount of dissolved Zn quantified (using Inductively 
coupled plasma mass spectrometry) it was found that the extracellular pH 7.4 SBF 
contained only 4.5 % of Zn added, compared to 99.3 % for intracellular pH 5.2 SBF. 
Therefore Muller concluded that the major cause of cell necrosis is via toxicity not 
phagocytosis. It should also be noted that T. Arnett [8 ] reported that osteoclasts are 
sensitive to extracellular H+ is such that pH changes of 0.1 unit can be sufficient to 
cause changes in cell behaviour. Degen and Kosec [9] report that water molecules are 
chemically adsorbed onto the zinc oxide surface, where hydroxyl surface coatings 
adsorb protons at low pH (< 7.2) and lose them at high pH (> 12); creating a surface that 
changes charge with changing pH. A change to the surface coating of the nanowires is 
likely to alter the photoluminescence spectra obtained as it has been shown by Wang et 
al. [10] by using XPS and annealing their nano wires that the green centred DLE peak 
intensity is most likely controlled by multiple defects or defect complexes originating 
from centres at the nanostructures surface.
Fig. 8.3a shows the measurements taken from Scanning Electron Micrographs in 
Fig, 8.2, where it can be seen that in each solution nanowire width increases with 
increasing immersion time. Fig. 8.2 implies that the nanowires width decreases, 
however all width measurements are taken at the midpoint of length therefore it is more 
likely that the (0 0 0 1 ) facet is more highly affected due to the higher reactively or charge 
of the that crystal plane. Otherwise, the 18, 63 and 93 % increase in nanowire width for 
HBSS, PBS and Media respectively, would be observable at the tip o f the nanowire. 
However, the observed change in nanowire tip appearance is in line with observations 
by Sugunan et al. [11] who report that the (0001) polar facet will preferentially dissolve
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in solutions with low Zn2+ concentration; therefore some dissociation of Zn ions is to be 
expected in all solutions. However given the small quantity (-1.22 pg/ml)* of ZnO 
nanowires used per well toxicology will likely not be due to mass of Zn ions as this 
should never exceed (if nanowires completely dissolved) 490 pg per well. Furthermore, 
Franklin et al. [12] investigated the effect of Zn in the water supply and reported an IC 50 
value for Zn ions at 72 hours incubation for freshwater alga (Pseudokirchneriella 
subcapitata) of 0.6 jug Zn/mL. However, Muller et al. [7] reports for human monocyte 
macrophages that an exposure to solutions of 6  pg /mL Zn concentration for 24 hours 
lead to cells loosing surface protrusions and nuclear chromatin became condensed. At 8 
pg /mL, the cells started to show cell surface blebbing, indicative of apoptosis and at the 
highest concentration of 12 pg /mL, the cells were largely necrotic with leached out cell 
contents and highly condensed nuclear chromatin; with these values being more 
relavent. This is clearly not the case in this work as the cells show after 72 hours a 
nucleus that is well spread with distinct protrusions as seen throughout this chapter, a 
great example can be seen in sub-section 8.4.1. This is to be expected given the small 
quantity (-1.22 pg/ml)* of ZnO nanowires used per well. The aim of this work is not to 
prove that cells can withstand a certain amount of Zn ions, rather it is to prove that a 
nanowire array could be used to monitor cell mechanics; therefore this small quantity 
never needs to be exceeded. *Values based on 1:1 nanowires.
Only the nanowires immersed in McCoys 5A medium are observed to slightly 
increase their radius of curvature with the tip becoming more hexagonal compared to 
the original.. Since the medium is supplemented with 10 % FBS is can be assumed that 
this increase in width and radius of curvature is likely due to protein adsorption from the 
medium; creating the textured surface that appears as a heterogeneous collection of 
particles in Fig. 8.2c. Ideally a Sirius Red based assay should have been conducted as 
per work by Zhao et al. [13] to monitor the degree of protein adsorption to the 
substratum, to prove that observed morphological changes were indeed due to protein 
adsorption instead of some other unknown phenomena. However, EDX was conducted 
post immersion and will be discussed shortly, with Fig. 8.5.
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Figure 8.3. Changes in zinc oxide nanowire (A) width and (B) stoichiometry after immersion in HBSS, 
PBS and McCoy's 5A medium (supplemented with 10% FBS) for up to 7 days. Values represent the 
mean ± SD o f  90 measurements, where * and ** indicate p<0.005 and p<0.05; respectively. (C) shows 
the change in photoluminescence spectra for nanowires immersed in all solutions for 3 days compared to 
initial (control) sample, while (D) shows the changes in DLE area due to immersion time for media only. 
A substantial increase in nanowire width for samples immersed in media can be seen in (A), this is likely 
due to significant protein adsorption within 24 hours as indicated by no change between 3 and 7 days.
Fig. 8.3c. compares the PL spectra o f  nanowires immersed in all solutions for 7 
days, where it can be seen that the DLE band is greatly increased compared to the 
control. However, the two solutions are observed to negatively affect the morphology o f  
the nanowires are also observed to yield the worst (highest) DLE peaks in Figure 8.3c; 
with DLE area increasing by 66, 85 and 89 % for Media, HBSS and PBS, respectively.
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The slight increase in DLE peak intensity (compared to salt solutions) for nanowires 
immersed in media for 7 days further supports that the media is not as detrimental to 
nanowire morphology and that the observed 6 6  % increase in DLE area is likely due to 
the absorption of proteins. However literature shows that protein adsorption is typically 
detected using a more sensitive optical technique such as in situ ellipsometry and 
therefore it would be more likely that interaction with components within the medium 
has altered the surface properties of the nanowires, likely changing the amount of defect 
centres at the surface.
Fig. 8.3d. shows that the optical properties o f the zinc oxide nanowires are 
significantly affected by immersion in medium for 3 days, where the DLE band is seen 
to increase in area with increasing immersion time. It is however unclear if this 83 % 
increase in DLE area from 0 to 7 days is due to a change in crystal quality or the 
inclusion of additional materials within the array, such as the coating in Figure 8.2c. It 
should be noted however that the PL spectra were obtained from dry samples post 
ethanol series and blotting, so there is no contribution from solution either. This is 
something that should have been investigated as obtaining spectra with live cells in 
solution may have substantially altered the optical properties of the nanowires; or even 
be impossible due to unknown refraction and excitation and emission properties of the 
liquid.
Fig. 8.4. shows the cross-section of a nanowire after immersion in McCoys 5A 
medium for 3 days at 37 °C 5 % CO2. It can clearly been seen that the original 
hexagonal cross-section of the nanowire is mainly intact and that the coating that 
comprises of a heterogeneous collection of particles (between 5 - 15 nm in diameter) is 
most likely due to protein adsorption, EDX spectra acquired from the area shows 
elevated levels of carbon, calcium, magnesium and phosphorus (see figure 8.5.), thus 
indicating that the solution is reacting with the ZnO nanowires. Whether this is 
chemical or due to protein adsorption is unclear, however, Berlind et al. [14] have 
reported that adsorption of proteins on to implant surfaces strongly influences 
subsequent cellular response, where the cellular response determines if the implant is 
accepted by the body or not. Therefore investigating the cause of this reaction is crucial 
to further understanding biocompatibility findings later in this chapter.
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Figure 8.4. Scanning electron micrograph depicting the cross-section o f  a cleaved zinc oxide nanowire 
after 7 days immersion in McCoy's 5A medium at 37 °C 5 % C 0 2. Notice how' the medium has only 
affected the outside of  the nanowire, with the hexagonal structure still intact. It appears the serum in the 
medium has allowed secretion o f  proteins for adsorption on to the surface to form an extra cellular matrix.
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Figure 8.5. Energy dispersive x-ray (EDX) spectra o f  ZnO nanowires after immersion for 3 days in 
McCoy’s 5A modified medium supplemented with 10 % FBS. Table (inset) shows peak labels and 
corresponding atomic percentages. The EDX spectrum shows magnesium, phosphorus and calcium; these 
are likely w'hat makes up the surface coating on the non-polar facets.
The table within Fig. 8.5. shows the elements found and the quantity for ZnO 
nanowires immersed in medium for 3 days, rinsed in HBSS and run through an ethanol 
series to replace water before being allowed to dry in air. Any elements found in the 
scan will be securely attached to the nanowires rather than residue left behind from cell
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culture due to the washing protocols. It is interesting that chlorine and sulphur are not 
present in the spectrum together with magnesium and calcium since both magnesium 
sulphate and calcium chloride were inorganic salts used in McCoy’s 5A medium (see 
Table 8.1.). However this will likely be because chlorine and sulphur have formed 
bonds with zinc ions forming inorganic salts zinc chloride and zinc sulphide (ZnCl2 and 
ZnS); in doing so the amount of free zinc ions in the solution will have been greatly 
reduced reducing the toxicology of ZnO nanowires in McCoy’s 5A medium. EDX 
spectrum supports this hypothesis as chlorine and sulphur were not detected, as these 
elements will have been removed with the supernatant as salt solutes. Also the reduction 
in the zinc : oxygen ratio from (in Fig. 7.44c) 55 % zinc to 31 %, is highly indicative of 
preferential dissolution of Zn ions into the solution. It should be noted that even though 
the electron acceleration voltage was increased to obtain calcium at 3.6 KeV, the 
interaction volume can be seen from the data not to be sufficiently big enough to obtain 
information from the glass (SiC>2) substratum as silicon (1.74 KeV) is not present in the 
spectrum. It is also possible that the layer present in Fig. 8,4. is not a coating due to 
serum protein secretion but some other form zinc oxide -  solution interaction. It has 
been reported by Govender et al. [15] that ZnO is susceptible to the influence of 
counter-ions during growth, this could also be the case during dissolution.
T a b le  8.1. Concentration* o f  Inorganic Salts in Solutions used for im m ersion experim ent
McCoys 5A (mM) PBS (mM) HBSS (mM)
Calcium Chloride 0.898 . 1.26
Magnesium Chloride - - 0.493
Magnesium Sulfate 0.813 - 0.407
Potassium Chloride 5.33 - 5,33
Potassium Phosphate monobasic - 10.59 0.441
Sodium Bicarbonate 26.19 - 4.17
Sodium Chloride 111.38 1551.72 137.93
Sodium Phosphate dibasic 4.16 29.66 0.338
* V alues taken from Invitrogen: http://w w w .invitrogen.com /site/us/en /hom e.htm l
To confirm that the observed heterogeneous collection of particles was indeed 
protein absorption ideally sodium dodecyl sulfate (SDS) could have been added to 
detach the proteins from the surface so that a MicroBCA protein assay kit could have 
been used to determine the amount of protein present. Using this method Zhao et al.
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[13] were able to determine that protein adsorption is slightly enhanced on nanowire 
arrays compared to control substratum.
It is easier to understand the importance of these experiments when put in 
context. ZnO nanowires are being tested in this chapter for their biocompatibility, so 
they can (as in the brief) be used as a novel force sensor for cell mechanics. However, 
there is lots of work in the literature using ZnO for bio-sensing due to its unique 
properties (covered in chapter 2 ), and a key component of biocompatibility testing is 
consideration for effects of implantation of devices and their survival rate in vivo. In 
other words the activation of immune system response may be initiated when foreign 
materials (ZnO nanowires) are implanted in the body, where an uncontrolled 
inflammatory response may occur upon contact with blood leading to thrombus 
formation. The formation of fibrous capsule around an implant (because of prolonged 
inflammation) would certainly increase the probability of the bio-sensor not functioning 
correctly (depending on the application). Therefore to witness such successful protein 
adsorption (in Fig. 8.4.), though not confirmed by SDS assay or Null Ellipsometry* is 
an essential step in proving that ZnO nano wires could survive in vivo application. *Null 
Ellipsometry monitors changes in refractive index o f  substratum due to changes in 
surface properties, allowing detection of adhering proteins and lipids.
8.3. Comparison of selected Zinc Oxide nanowire recipes
In this work two different substrata were created by coating glass coverslips in
the two different ZnO nanowires recipes used in this study (researched in chapter 7) are 
compared in Fig. 8 .6 , showing SEM images of the larger, sparser, better aligned 2:1 
nanowires on the left hand side and the thinner, denser, less aligned 1:1 nanowires on 
the right hand side. After initial observations it was hypothesised that the cells would 
respond better to the environment provided by the 2 :1  nanowires, likely maintaining a 
normal proliferation behaviour compared to the 1:1 nanowires due to the increased 
width and density of the 2:1 nanowires providing a more suitable surface; see Table 8.2. 
This hypothesis is further supported by ter Brugge et al. [1] who reported that changes 
in substratum roughness can alter cell function due to substrate induced cell shape 
changes affecting integrin formation, ultimately interfering with intracellular signaling 
events. Before exploring cell-substrata interaction the following sub-sections will
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investigate and compare morphology using SEM, optical properties using PL, chemical 
composition using EDX and XRD and elasticity and susbtrata roughness using AFM.
8.3.1. Morphology (SEM & AFM)
Fig. 8.9. shows the difference in morphology for the nanowire arrays fabricated
from the two recipes. In terms of cell growth, the available surface for attachment is 
substantially different both in morphology and charge. As briefly mentioned already, it 
has been shown by Joo et al. [16] that face sensitive electrostatics can alter chemical 
attachment of particles to the polar and non polar facets of zinc oxide nanowires, it 
could therefore by assumed even at this point that the significant difference in surface 
area of the (0001) plane could affect cell attachment, given that the U-2 OS cells may or 
may not like to adhere to the (0001) plane based on surface charge. Bodhak et al. [17] 
report that surface charge and wettability affect surface adhesion and proliferation of 
human fetal osteoblast cells (hFOB). Their results show that tailoring the wettability and 
surface charge of their substrata enabled differential binding of inorganic ions (Ca , Cl' 
, Na+, HCO3' etc -as  observed in Fig. 8.5.-) and organic cell adhesive proteins 
(flbronectin, vitronectin etc) with different surface properties, resulting in accelerated or 
decelerated proliferation depending on the surface charge and wettability. Both the taper 
and the radius of curvature or surface area of (0 0 0 1 ) facets are different for the two 
recipes. The 1:1 nanowires are clearly much more tapered than the 2:1 nanowires with a 
small radius of curvature (26 nm) while the 2 :1  nanowires have uniform widths and 
have a flat (0001) facet at the tip. This could therefore lead to substantial differences in 
terms of cell adhesion and biocompatibility between the two samples.
Wang et al. [18] suggest that Zn2+ precursor concentrations of less than 25 mM 
provides insufficient growth units, such that the seed layer is partially dissolved forming 
a concentration gradient between the substratum and the tip of the nanowires. This gives 
the nanowires their tapered shape, while precursor concentrations of more than 25 mM 
provide sufficient homogeneous distribution of growth units throughout the solution 
such that no gradient of concentration forms and nanowires are not tapered. However 
many researchers attribute tapering of nanowires to the amount of Ostwald ripening of 
the seed layer, as discussed in sub-section 7.5.2. Lee et al. [19] have attributed the 
tapered tip profile to the minute (0 0 0 1 ) steps between layers, where they intentionally 
retard Ostwald ripening removing the tapered tip profile of their nanowires.
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Equation 3.2. Indicates that solubility o f  the seed layer increases with decreasing grain 
size, therefore the srraller seed crystals tend to dissolve and deposit on larger panicles. 
Since all seed layers are deposited at the same time this cannot be the mechanism for the 
taper, unless this argument is combined with Wang et al. [18] suggestion that < 25 mM 
Zn2" precursor concentration provides insufficient growth units leading to dissolution of 
the seed layer. It could be that the lower ZnN 0 3  concentration for the 1:1 recipe 
(compared to 2:1) leads to altering o f  the seed layer in the initial stages o f  growth.
Figure 8.6. Scanning electron micrographs comparing the morphology of  the two selected zinc oxide 
nanow ire recipes, 2 : 1 (A-C) and 1:1 (D-F).
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As discussed previously in sub-section 7.5.2. the mean angles shown in Table
8.2. show the angular spread distribution of the nanowires. For example, the Table 8.2. 
shows that nanowires growth using the 2:1 recipe may on average diverge from being 
orientated perpendicular to the substrate by ±6.7°. That is to say that the nanowires in 
the array grown at using the 2:1 precursor ratio recipe are on average aligned between 
83.3 -  96.7° with respect to the substrate; in other words they’re well aligned. This is a 
crucial value often over looked in literature with many researchers just merely stating 
their nanowires to be ‘well aligned’ as an evaluation of alignment or vertically of 
nanowires [20,21]. Obtaining a quantitative measurement of alignment can help explain 
several trends seen, for example when observing Fig. 8.6. it is apparent that the mean 
angle value holds true as 2:1 appears to be visually more well aligned than 1:1, but the 
angle supports this observation quantitatively. Alignment is extremely important as it 
controls the way in which the cells interact with the surface and more quantitative 
analyse improves understanding of how forces exerted by the cells bend the nanowires 
and even control cell behaviour.
Table 8.2. Comparison of nanowire properties for 2:1 and 1:1 recipes (n=90).
2:1 NWs SD 1:1 NWs SD
Length (pm) 4.4 0.14 3.3 0.13
W idth (nm) 176 25 97 15
A ngular Spread (°) 6.7 ±4.6 9.9 ±6.6
Aspect Ratio 25.1 - 33.8 -
Density (/cm2) 1 .32x l010 - 2.55 xlO10 -
Data from Table 8.2. indicates that nanowire arrays fabricated using the 1:1 
recipe are more likely to have larger gaps between nanowires due to their mean 
diameter, and although the density of 1:1 is higher the width is half of that yielded by 
the 2:1 recipe. Also the mean angle of divergence from the c-axis is larger, creating 
more gaps in the surface, as seen in Fig. 8.6. Chen et al. [22] have shown that non 
adhesive regions severely affect the formation of focal adhesions and therefore the 
overall shape of the cell; this would be the case here as a gap between nanowires is 
essentially a non-adhesive region, an area where the cell is unable to attach to the 
surface; thus affecting the cells shape and function [23]. This difference in density is 
more easily understood when compared over a much larger range, where Fig. 8.7. 
shows AFM images over 25x the area. AFM images were obtained in non-contact
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tapping mode as to not blunt the tip, and allow collection o f  RMS roughness 
measurements in situ. Images were obtained using a Silicon tip o f  8 nm radius (RTESP. 
Bruker) with a ‘thermal tune' calibrated frequency o f  334.65 kHz, assuming this was 
never blunted the image should not contain surface imaging tip artifacts as the 
nanowires are an order o f  magnitude larger in width. Also the scanning velocity was 
slow at 0.5pm/s to minimise dragging artifacts causing low gain values in feedback, the 
raster direction is indicated by the ‘fast’ axis label in Fig. 8.7. The images show how
different the two substrata are with (B) or 1:1 yielding a surface with far more and
larger gap regions with no nanowires, how this affect cell proliferation and behaviour
will be investigated further in sub-section 8.4.2.
Figure 8.7. Atomic force micrographs showing the substrata available for the cells, where substratum (A) 
is comprised of an array o f  2:1 zinc oxide nanowires and (B) 1:1 nanowires. It should be noted that the 
X Y ranges for the above AFM images are 5x larger than the SEM images in Fig. 8.6. White circles show' 
regions on high density with little space between 2:1 nanowires and much larger space available between 
1:1 nanowire tips for images (A) and (B), respectively.
8.3.2. Chemical properties (EDX & XRD)
The chemical properties o f  the two recipes were compared using both EDX and
XRD, to confirm both recipes produce zinc oxide. Fig. 8.8. shows both EDX and XRD, 
where it can be seen that both 2:1 and 1:1 are almost identical in with only subtle 
differences. Fig. 8.8a shows the energy dispersive x-ray spectroscopy (EDX) spectra for 
both samples, where only zinc and oxygen can be seen indicating no contaminants are 
introduced via the hydrothermal method. 2:1 is offset by two thousand counts for 
clarity. La zinc (1.01 KeV) and Ka oxygen (0.52 KeV) peaks can be seen, however the 
zinc peaks (K(3 and Ka) at 8.63 and 9.57 keV are not shown here as the beam energy 
was only 5 kV to minimise the interaction volume within the sample and avoid
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obtaining data from the glass substratum. EDX shows that both samples are ZnO. 
however it should be mentioned again that the EDX SSD (see chapter 4) detector has a 
detection limit o f  200 ppm, so trace amount o f  contaminants may exist below this limit, 
as indicated in work by Bell and Garratt-Reed [24]. EDX can be used to determine 
stoichiometry allowing comparison between the two samples, where 2:1 yielded atomic 
percentages o f  54.3 and 45.7 % while 1:1 yielded 51.5 and 48.5 % for zinc and oxygen, 
respectively. This result is in good agreement with observations by Xue et al. [25], and 
certainly indicates that the 1:1 nanowires have close to ideal stoichiometry.
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Figure 8.8. The graphs compare 2:1 and 1:1 ZnO nanowires, where (A)* shows the energy dispersive x- 
ray spectra and (B) the x-ray diffraction spectra, with key orientation peaks labelled for ZnO. *2:1 
nanowires are offset by 2000 counts for clarity.
Fig. 8.8b shows the X-ray diffraction spectra (XRD) spectra for both samples, 
where both spectra have been matched to ZnO taken from reference card 96-230-0113 
[26], freely available online from the Crystallography Open Database [27]. However, 
2:1 had to be manually shifted by 0.372 ± 0.016 0 to match the reference card, the 
reasons for this will be discussed shortly. The (0002) peak for 1:1 (34.458 °) is similar 
to the (0002) peak position o f  ZnO powder (34.43 °) reported by Kumar et al. [28], 
meaning these wires are o f  extremely high crystal quality. Also, the (0002) peaks 
exhibit the lowest full width at half maximum (FW HM ) and highest intensity compared 
to the other diffraction peaks for both samples, with a FW HM of  0.065 and 0.059 for 
2:1 and 1:1, respectively; see Table 8.3. Thus, indicating the [0001] direction is the 
preferred growth direction for both samples. Both X R D  results show the nanowires are 
free from impurities as no non ZnO diffraction peaks were detected within the measured
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region, and such narrow diffraction peaks show that the material is of good crystallinity 
[29]. However, 2:1 is not free from internal strain due to the 0.372 0 shift in the spectra. 
Work by Ando and Miyazaki [30] has shown that shifts in peak position to lower 
diffraction angles are due to substantial internal strain. This supports the EDX findings 
nicely as such strain could be caused on an atomic level due to the imbalance of zinc to 
oxygen (as shown in Fig. 8.8a) ratio resulting in oxygen vacancies, zinc interstitials or 
zinc antisites. Photoluminescence spectra in Fig. 8.9. also supports this as is has been 
shown in the literature by Sans et al. [31] that many recombination mechanisms that 
compete with exciton-related luminescence are dependent on the stoichiometry of ZnO 
rather that the amount of defects present. As zinc is much larger than oxygen strain will 
develop and this has been detected by XRD, this finding ideally needs to be supported 
optically as oxygen vacancies are commonly reported in the literature to contribute to 
the DLE band emission [32]. However, a shift of 0.372 ° is seen throughout the spectra 
for each peak position so it is more likely that misalignment of goniometer is the cause 
of such a shift, as the literature predominantly mentions a (0002) peak shift only [33].
Table 8.3. FWHM of peaks in Figure 8.8b, highlighting (0002) is the preferred orientation.
Sample Plane (lOlO) (0002) (10Tl) (10l2) (10T3) (1112)
1:1 Peak Position (°) 31.788 34.458 36.282 47.566 62.884 67.970
FW HM 0.074 0.059 0.133 0.104 0.069 0.133
2:1 Peak Position (°) 31.399 34.076 35.898 47.196 62.531 67.617
FW HM 0.097 0.065 0.136 0.0881 0.0906 0.130
Ref. Card: 96-230-0113 31.773 34.430 36.260 47.549 62.873 67.961
8.3.3. Optical Properties (PL)
EDX and XRD has shown that although nanowires grown using the 2:1 recipe 
are comprised of ZnO they appear to be of poor crystal quality with XRD showing a 
peak shift due to considerable internal strain. It was hypothesized that this strain 
detected by XRD was likely due to an imbalance in the zinc : oxygen ratio as shown by 
EDX where this could be due to heavy oxygen vacancies incorporation during growth. 
Fig. 8.9. shows that this is indeed likely to be a good hypothesis as 2:1 can be seen to 
have a much larger DLE peak intensity than 1:1, with a DLE area increase of 45 %. As 
with the previous chapter the typical spectra is obtained, showing the expected UV near 
band edge (NBE) emission for ZnO at 375.8 nm as well as the deep level emission
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(DLE) centred at 588.9 nm normally attributed to defects in the material, such as 
oxygen vacancies [34].
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Figure 8.9. The photoluminescence spectra for 2:! and 1:1 nanowires, where both spectra have been 
normalized to the near band edge and calibration for absolute irradiance. (B) shows the NBE peak, where 
a slight redshift o f  the 2:1 NBE peak can be observed.
Fig. 8.9b shows a subtle redshift o f  2.2 nm from 375.8 to 378.0 nm for 2:1 and 
1:1, respectively. It has been shown by Deenathayalan et al. [35] that optical absorption 
determines the optical band gap, with the band gap decreasing with solution 
concentration increase; further indicating a change in crystal quality. Srikant and Clarke 
[36] have reported a 0.1 eV (-11.3 nm) shift in band edge emission due to thermal 
mismatch strain in annealing experiments, with peak shift indicating a change from that 
o f  a perfect, unstrained single crystal to one containing point defects, dislocations, 
impurities and strain. Since only minor differences are observed in Fig. 8.9b it can be 
concluded that both samples contain some degree o f  defects and strain, clearly 
supported by their ample contribution from deep level emission. From Fig. 8.9a. both 
samples appear to have similar crystal, though the subtle difference in NBE peak 
position may affect the application o f  2:1 to cell-substrata interaction studies, if changes 
are to be recorded via optical observation. This result is in line with observations by 
Reynolds [37] who report that the green emission in ZnO increases rapidly with 
increasing Zn concentration. This is shown with the reduction in NBE : DLE peak 
intensity ratio from 1.42 for 1:1 to 1.05 for 2:1 in Fig. 8.9b; these values are similar to 
the o f  1.10 for an early 1:1 recipe from Fig. 7.9b.
Chapter 8: Cell Viability on Zinc Oxide Nanowires
However work by Ha et al. [34] has shown that the ZnO crystal lattice maybe 
‘healed’ by thermal excitation in argon or oxygen. It was previously shown that the 
0.3719 ° shift in XRD spectra for 2:1 was likely due to internal strain, with EDX 
showing excess zinc and PL showing excess defects, most likely oxygen vacancies. 
Several experiments were conducted to see if the crystal lattice could be ‘healed’ in this 
work with extremely favourable results witnessed, essentially showing that the DLE 
part of the spectra for both 2:1 and 1:1 could be substantially reduced. See section 4.4.2. 
Wang and Reynolds [38] revealed that post oxygen annealing their nanowires didn’t 
have any significant change in stoichiometry, although they did gain a dramatic 
reduction in the UV-to-GL intensity ratio (from 0.4 to 0.023). With this information and 
the previously discussed breakdown of spectra it could be concluded that although the 
amount of oxygen hasn’t changed within the nanowires the interstitials have been given 
sufficient energy to fill vacancies. A similar result was reported by Gupta and Mansingh 
[39] who reported that the improvement with annealing was due to a reduction of stress 
within the crystal lattice; which supports both this works results and spectra breakdown 
by Ha et al. [34]; see appendix I. It is worth noting that regardless of DLE shape/origin 
the NBE to DLE peak ratio has been improved significantly enough (with an order of 
magnitude improvement from 0.59 to 5.7) at this point to show that the 2:1 recipe with 
an additional annealing treatment can yield nanowires of the same optical quality as 1:1.
8.4. Biocompatibility of Zinc Oxide nanowires
This section will briefly cover the development of cell culture and problems that
were overcome before moving onto biocompatibility, where results obtained from 
observation (SEM) as well test kits from both Promega (MTS) and Invitrogen (LIVE 
DEAD) are used to establish whether or not ZnO nano wires are biocompatible. This 
result is then supported with Cryo-SEM, giving the first insight into cell-substrata 
interaction ready for section 8.4. where surface properties such as charge, roughness, 
wettability, and adhesion of the two substrata are investigated.
Originally Ishikawa cells were used for cell-nanowire interaction studies while 
both the nanofabrication and microbiology aspects o f  the work were refined in tandem. 
Fig. 8.10. shows Ishikawa (or lack of) cells on ZnO nanowires after 48 hours incubation 
in DMEM medium at 37 °C 5 % C02, and represents the one of the initial findings before 
protocols were optimized through trial and error (and research). In these images the
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Ishikawa cells have been removed, with only cell remnants remaining, as in Fig. 8.10b 
where the cell seems to have preferentially attached using the outer edge o f  its 
cytoplasm. As discussed in chapter 5 while a cell migrates across the substratum and is 
ruffling at the leading edge, the sections at the rear can remain adhered and get drawn 
into long retraction fibers, see Fig. 5.5e. These can often break suddenly leaving behind 
a fragment o f  adherent plasma membrane and cytoplasm [40]. However, given the 
amount o f  cytoplasm observed in Fig. 8.10b. and the removal o f  nanowires the cell has 
likely become necrotic and detached from the substratum. It is therefore unclear if the 
nanowires have been dissolved due to phagocytosis or removed with the cell during 
rinsing cycles.
Figure 8.10. Scanning electron micrographs showing (A) destruction o f  zinc oxide nanowire substratum 
grown from a spin coated seed layer and (B) higher magnification image showing cell remnants adhered 
to substratum. It can be concluded from the images that the spin coated seed layers do not provide 
suitable attachment to glass substrate to withstand the substantial washing cycles in either cell culture or 
cell fixation. Samples fixed in 3% gluteraldehyde
The dissolving o f  ZnO nanowires due to phagocytosis is plausible as it has been 
reported by Muller et al. [7] that intercellular pH in lysosomes are acidic enough (pH 
5.2) to break down ZnO, compared to extracellular simulated body fluid (pH 7.2) where 
nanowires remained unperturbed for 1 day. However, it is more likely that the cell - 
nanowire adhesion has remained intact and that aggressive rinsing cycles have broken 
the seed layer-glass substratum bond, reported as thin as 3.5 nm for spin coated samples 
[41]. Therefore spin coated substrata were phased out in favour o f  PVD coated substrata 
after findings like Fig. 8.10. were frequently observed. Fig. 8.11. shows the 
improvement yielded from transition from spin coated to PVD coated ZnO seed layers, 
where cells were always found to be well attached. However, the fine structures such as 
fillipodium were always perturbed and often damaged, as in Fig. 8.1 lb. This prompted
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investigation into the fixative protocol to use, as well as use o f  U-2 OS instead o f  
Ishikawa due to more favourable results during initial trials.
Figure 8.11. Scanning election micrographs showing (A) typical arrangement o f  Ishikawa on substratum 
comprised of  an array o f  zinc oxide nanowires and (B) lamellipodium attachment to substratum. Notice 
that the majority o f  fillipodia have been perturbed and even destroyed possibly during fixation. Cells were 
cultured for 2 days in DMEM medium at 37 °C 5 % C 0 2, then fixed with 3 % glutaraldehyde. It should 
be noted that both images were acquired at 45 °.
8.4.1. U2-OS (Fixed cell SEM)
Due to the opaqueness o f  the ZnO nanowire array traditional optical microscopy
techniques could often not be used, as they often involve an inverted microscope and 
rely on transparent samples. Therefore initially the cells were inspected using scanning 
electron microscopy after fixation to check cell shape and confluency after a 3 to 7 day 
culture. As explained in chapter 6 for a typical experiment whenever a new substratum 
was fabricated biocompatibility was initially inspected using SEM  to check confluency 
and numbers as both light microscopy and confocal microscopy techniques were nearly 
impossible with an opaque substrata. More detailed explanation o f  the reasons for not 
conducting a quick DAPI / PI (or EthD-1) check on an inverted sample was discussed in 
sub-section 6.3.3. Generally, U-2 OS cells were cultured in N cCoy’s modified 5A 
medium supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin / 
streptomycin (pen/strep) and 1 % glutamine (Glut); incubated in a 5 % CO 2 
environment at 37 °C in T75 culture flasks. At -9 0  % confluency cells were trypsinized, 
re-suspended in media and 10 pi added to an automated cell counter (Bio-Rad TC10) to
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obtain cell concentration without use o f  equation 6.1. The 49 -  64 mm glass control 
and ZnO nanowire substrata were washed twice in 100 % ethanol then PBS prior to 
being added to a 48-well plate. Cells were carefully pipetted on top o f  the substrate and 
given 2 minutes to attach before being supplemented with 500 pi fresh media as
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suggested by Francis et al. [42]. Typically cell populations were always low (2000) and 
high (8000) cells seeded from often a 2.5 x lO 5 /ml stock solution, and plates were 
incubated at 37 °C in 5 % CO 2 for as long as the experiment required.
Figure 8.12. Scanning electron micrographs showing (A) typical arrangement o f  U2-OS on substratum 
comprised of  an array of  zinc oxide nanowires and (B) fillipodia attachment to substratum. It can be seen 
that the fillipodium appear to avoid the [0001] polar facet o f  the nanowires with preferential attachment to 
the non polar facets seen throughout the image in (B). Cells were cultured for 3 days in McCoy's 5A 
modified medium at 37 °C 5 % C 0 2.
Fig. 8.12. shows a few U-2 OS cells on ZnO nanowires after 72 hours, where it 
can be seen that protocols have been sufficiently refined to the point that all the fine 
details are maintained post cell fixation and dehydration, as emphasized by Fig. 8.12b. 
Also from the shape o f  the cells and the extension o f  the lamillipodia it can be seen that 
the cells are healthy. Typically, adhesive cells exhibit a globular, bunched quasi- 
spherical shape when not pleased with the environment. Saravia et al. [43] promote 
such findings with FlepG2 cells on positively and negatively charged surfaces, stating 
that the substratum yielding larger cell areas is more biocompatible. This will be 
covered later with observations from MTS (next) and cell spreading area (sub-section
8.5.1.), as it is commonly accepted in the literature that mitosis is completed halted 
when cell area falls below a critical value [44]. However, work by Bacakova et al. [45] 
has shown that although a cell with a large spreading area may appear healthy it may 
not be gearing up for mitosis / proliferation, instead it may be ready to differentiate.
8.4.2. Promega’s MTS Assay
The effect o f  ZnO nanowires on cell proliferation was examined using the MTS
assay, as discussed in section 6.3 knowing the proliferation rate o f  the cells is not 
always an indication o f  biocompatibility as the population doubling rate can slow for
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any number o f  reasons, such as elevated CO2 [46] or even if the cells are seeded at such 
a low concentration as to inhibit signalling [40]. For example, this could mean that two 
wells could not double within the doubling period yielding the same number o f  cells, 
yet the reason could be either proliferation inhabitation or cell necrosis. However even a 
change in cell proliferation rate indicates a change in cell behaviour that could be due to 
adverse conditions in the environment. Therefore, M TS results have also been 
confirmed using various other techniques that will be discussed within this chapter.
The response of  U-2 OS cells to the addition o f  hydrothermally grown zinc oxide 
nanowires has been experimentally examined by observing the activity o f  the 
mitochondrial enzyme succinate dehydrogenase (SDH) in U-2 OS Cells. After a 72 hour 
incubation period 50 pi o f  Promega’s MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy- 
methoxyphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium) solution was added to each well, 
(except for media controls used for background removal) and then re-incubated for 4 
hours. 50 pi was found after several assays to be sufficient for the amount o f  cells 
present in 48 well plate and deviates from Promega’s suggested amount 20 pi / 100 ml, 
the reasons for this were explained in sub-section 6.3.1. 500 pi o f  medium was used in 
each well as this was the upper medium volume limit for a 48 well plate to still enable 
gaseous diffusion through the liquid, as per equation 6.2 [47].
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Figure 8.13. Graphs showing the amount o f  cells counted using MTS assay for different substrata at 0, 
24, 48 and 72 hours; where (A) had an initial seeding of  2000 cells and (B) 8000 cells. It can be seen in 
(B) that after 3 days the cells hit confluency as the 2:1 nanowire based substratum has cell number 
equivalent to the glass cover slip control. Values represent the mean ± SD o f  12 microplate readings taken 
from 2 separate experiments assayed in duplicate (n<4). Student’s Ttest p values are shown in Table 8.5.
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The MTS solution was used as it is bio-reduced by cells into formazan dye that 
is soluble in tissue culture medium, whereas others variants (MTT or XTT) are typically 
non-soluble. Berridge and Tan [48] have reported that this conversion can only be 
accomplished by SDH enzymes in metabolically active cells, and therefore when the 
optical density of the formazan dye (absorbance peak ~492 nm) is measured it directly 
relates to the number of live cells in each well. The MTS solution is far superior to other 
tetrazolium based reagents as it yields soluble formazan dye after incubation reducing 
errors compared to MTT and XTT, This is because other tetrazolium based reagents 
produced formazan as a solute, increasing errors during a solubilizing step, as reported 
by Goodwin et al. [49]. Even though the formazan produced was a liquid the plate was 
still shaken softly for 1 minute at room temperature in a double orbital to assure 
formazan was uniformly distributed throughout the media. This yielded more accurate 
photon absorbance optical density plate readings with a FLUOstar OPTIMA (BMG 
Labtech) at 490 nm.
Fig. 8.13. shows the MTS results from 4 replicates. For the Tow’ cell seeding 
density the difference between control and samples is insignificant for 48 hours, only 
becoming significant at 72 hours; yet the higher seeding density displays significant 
differences within a single day. This is due to reduced cell-cell interactions in the lower 
seeding density leading to an extension of time taken to progress from lag to log phase; 
for this reason comparisons will primarily focus on the 72 hour time point. For the high 
seeding density samples at 72 hours there is no difference in cell count between the 
glass and nanowire 2:1 substrates, this would normally be attributed to stationary phase 
growth due to limited space in the well. However this is not the case, as shown by the 
no substratum control run in tandem with the experiment. After 72 hours the mean 
amount of cells measured was 51.6 xlO3 for the well only control, compared to 45,6 
xlO , 45.7 xlO and 37.4 xlO for the glass control, 2:1 and 1:1 substrata respectively. 
The presence of a substratum in the well and frequent handling could lead to a certain 
amount of cell death, explaining the difference observed between the well only and 
glass substrate controls. This difference could also be attributed to the differing surface 
area as the substrates used were 49 -  64 mm compared to the 95 mm of the well, 
meaning that the adherent cells could be reaching the boundaries of the substrates by 72 
hours and explaining why the cell numbers are similar for the glass and 2:1 substrata.
Chapter 8: Cell Viability on Zinc Oxide Nanowires
Table 8.5. p values obtained from 2 tailed paired-sample T-tests (n<12) 
Control 2:1 2:1 1:1 1:1
Ohrs 0.82631 0.05768 0.78048 0.01554
24hrs 0.72954 0.10841 0.10995 0.00001
48hrs 0.05987 0.01129 0.63111 0.00710
72hrs 0.00659 0.88551 0.00003 0.00035
There is no apparent trend for the low cell density samples until 72 hours, at 
which point the observations sit well with expectations and the trend set by high cell 
density samples. But what is very apparent is that at higher seeding densities the 
texture/shape/size of the substratum has a more substantial influence on the fate of cells 
residing upon it, as the highest, lowest and in between amount of cells are detected on 
glass, 1:1 and 2:1 substrata respectively for the majority of time points. Table 8.5. 
shows the statistical analysis of Fig. 8.13. where values larger than 0.05 are not 
significantly different; therefore at 72 hours there is no statistical difference between 
samples and control for low seeding density samples, even given the high concentration 
(~1.22 pg/ml) of ZnO nanowires used per well. However, it has been shown by Muller 
et al. [7] that Macrophages after 24 hours incubation with 8 pg /mL Zn showed surface 
blebbing, indicative of start of apoptosis. From MTS data, at 72 hours the viability of 
cells on 2:1 substrata was found to be 88.4 % and 79.0 % for high and low cell seeding 
densities respectively. However for 1:1 substrates the high cell density value was much 
lower at 72.4 %, while the low cell density value was similar at 48 hours with 80.0 %. 
The viability percentage was obtained by comparing to a non substrate well control that 
yields the proliferation rate and amount of cells obtained in an unihibited controlled 
environment, see Table 8.6. Fellows et al. [50] similarly produce a relative cell count to 
determine toxicology.
Table 8.6. Viability of Glass, 2:1 and 1:1 compared to well only control.
Control Glass Glass 2:1 2:1 1:1 1:1
vs. (Low) (High) (Low) (High) (Low) (High)
24hrs 99.7 % 106.6% 101.2% 96.4 % 106.5% 71.2%
48b rs 76.6 % 89.5 % 88.7 % 71.4% 78.5 % 67.9 %
72hrs 102.9% 88.3 % 79.0 % 88.4 % 80.0 % 72.4 %
Both Fig. 8.13. and Table 8.6. show that ZnO nanowires appear to be 
biocompatible with U-2 OS with there being no difference between the two controls
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(well only and glass substratum) and two samples (nanowire types 2:1 and 1:1) up to 48 
hours incubation. However, for incubation times greater than 48 hours it can be seen 
that a statistically significant difference emerges between the controls and the samples. 
Notice also that there is little difference between the two nanowire samples themselves 
at low seeding concentrations, these subtle differences only significantly appear in the 
highest concentration at 72 hours. Assuming that the well only control yields the 
maximum amount of cells obtainable in this experiment, and growth rate is inhibited by 
surface area at 72 hours for the higher seeding, then lowest viability in this case is still 
greater than 72 % for 1:1 nanowires at 72 hours, see Fig. 8.13b.
Table 8.5. shows statistical analysis between the well control and the samples 
with paired-sample student t-tests. The p values support the observations made 
highlighting statistical differences at lower seeding densities, which can be interpreted 
as the nanowires inhibit the growth rate (p) of U-2 OS, with this only being observable 
at the lower seeding density due to well surface area not being an issue by 72 hours (i.e 
the higher seeding density cells are likely over confluent at 72 hours). This is certainly 
shown by comparing population doubling times derived from these results, using 
equation 5.1 the low seeding density yields 22.1 hours whereas high yields 25.8 hours, 
clearly indicating that the population curve is at its plateau (or growth is now 
stationary). Solly et al. [51] reported the doubling time of U-2 OS to be 23.7 ±0.5 hours 
so values here are clearly nothing to be concerned about.
Work by Wataha et al. [52] has shown that toxicology due to Zn2+ ions is very 
dependent on cell density, with higher cell density decreasing the sensitivity of cells to 
metal ions as shown by higher TC50 values at high cell density. Where TC50 is the 
concentration required for 50 % of the cells to become necrotic. However, if this were 
the case here then there would not be such discrepancy between 2:1 and 1 : l ’s values for 
low and high seedings, with them being similar at low seeding and significantly 
different at high seeding. The data therefore suggests that U-2 OS cells are surface 
sensitive as the data shows only the 1:1 substrata inhibit proliferation of the cells 
compared to the glass control and 2:1 substrata at 72 hours and high cell seeding. Since 
Fig. 8.12b. showed preferential attachment to nonpolar facets, then it can be 
hypothesised that as 1:1 have a tapered tip, and therefore their surface charge is likely to 
be different this could be the cause of differences in viability results.
In conclusion it has been shown that ZnO nanowires are biocompatible with U-2 
OS cells and are able to survive for 72 hours, yielding cell populations on par with glass
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substratum control. MTS results yeilded survival rates of 71 -  96 and 68 -  72 % of cells 
counted for well only control for substrata with a precursor chemical ratio of 2:1 and 
1:1, respectively. Therefore it is apparent from MTS results that ZnO nanowire 
biocompatibility is dependent on nanowire morphology or some other surface property 
otherwise 2:1 and 1:1 would yield similar survival values. If there were more time 
available then this would be repeated using detached nanowires to make up solutions of 
various concentrations, allowing the IC50 and TC50 values to be determined.
8.4.3. Invitrogen’s LIVE DEAD Assay
It was previously shown via MTS assay that biocompatibility was different
between the two nanowire samples, with 2:1 being on par with plain glass coverslip, 
whereas 1:1 nanowires yielded only 68 -  72 % of the well only controls cell count. 
Therefore, further investigation has been conducted using Invitrogen’s LIVE DEAD 
assay, an immunocytochemical technique that uses CalcienAM and ethidium 
homodimer-1 (EthD-1) to label live and dead cells, respectively. The details of which 
were covered in chapter 6. However, concentration assays (used to determine optimum 
dye concentration) showed that EthD-1 reacted un-expectedly with ZnO nanowires 
creating non-specific background staining making dead cells hard to distinguish. The 
reason for this was never fully explored so the author is unsure if it was the move to 
propidium iodide or the inclusion of additional rinsing cycles that lead to elimination of 
non-specific background staining. However, the chlorine in EthD-1 [53] could make the 
stain more likely to react with ZnO. Fig. 8.14. shows DAPI and EthD-1 added to 
U-2 OS cells after 72 hours incubation, were the effect of such a large background 
emission can be observed. Note that DAPI concentration here is too high as although 
shutter opening / exposure time was slightly high at 500 msec the intensity reading was 
greater than the maximum recorded value of 125 % leading to overexposure / saturation 
of emission at 461 nm. This is obvious from the luminescent gradient apparent form 
centre to extremities of the image, leading to a blurring of cell nuclei in the centre of the 
image. But this is why concentration assays are conducted, to optimise staining 
protocols for the cell line. Fig. 8.14, shows a scratch (down to glass substratum) that 
yields the expected zero emission at 617 nm, meaning the background is likely due to 
ZnO-stain interaction rather than non-specific binding, assuming the scratch was made 
pre-staining.
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Figure 8.14. Immuno-fluoresccnce micrographs o f  U-2 OS on ZnO nanowires 72 hours after seeding, 
where (A) is DAPI, (B) ethidium homodimer-1 and (C) a merge of  (A) and (B). Notice how DAPI 
appears heavily saturated in the image, this is because the exposure time was too long (at 500 msec) 
resulting in an intensity reading of  125 % (i.e. > limit).
All dye concentrations were determined individually before conducting 
simultaneous staining to further optimise dye concentration. Fig. 8.15. the effect of 
moving to propidium iodide (PI), with nanowires not effecting / reacting with PI as they 
were with EthD-1. Note that CalcienAM is also in this image, showing live and dead 
U-2 OS cells after 72 hours incubation on ZnO nanowires; were due to the blurred 
nature o f  some o f  the red sections cell deaths appears due to scratches most likely from 
substratum transferal during washing and staining cycles. However, a DAPI counter 
stain was not conducted in this experiment as certain problems were met at this stage 
with DAPI more readily interacting with dead cells, as discussed in sub-section 6.3.3. 
However, using program like ImageJ (see Appendix IIX) both live and dead 
contributions can be recorded manually without use o f  highlighting nucleic acid. For 
example, using ImageJ the live and dead percentages o f  the 7190 cells counted from 
Fig. 8.15. was 86.04 and 13.96 %, respectively.
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Figure 8.15. Immunofluorescence micrographs o f  a LIVE/DEAD assay showing U-2 OS on ZnO 
nanowires 72 hours after seeding, where (A) is CalcienAM, (B) prodidium iodide and (C) a merge o f  (A) 
and (B). Notice how PI appears heavily blurred in the bottom right, indicating the cells are likely dead 
due to tweezer scratch during experiment.
Note that the results in Fig. 8.16. are from images measured by ImageJ (as 
discussed in chapter 6) as uptake o f  DAPI showed major discrepancies between live and 
dead cells, likely due to the nature o f  cell death and membrane compromised samples. It 
was also often the case that the IN Cell 2000 would detect contribution from both stains 
within a cell, yielding scatter plots with non discrete distribution o f  data, see Fig. 8.17d. 
It should be known that confocal microscopy was used to observe cell mechanics, with 
work invested in coating the nanowires in a cell impermeable stain for z-stack analysis 
o f  cell-nanowire interaction. This was due to the limited information obtained with non- 
fluorescent nanowires, see Fig. 8.16. Here it was unknown if  difference in CalceinAM 
concentration within the cell was due to mitochondria location or increases Z-depth o f  
cell membrane due to topography change o f  nanowires. A zinc stain (FluoZin3, 
Invitrogen) was used to stain the wires, work on this can be found in future work 
(chapter 9). IN Cell 2000 images showed that cells often contained contribution from 
both CalcienAM and EthD-1, leading to the assumption that cells were membrane 
compromised but somehow also healthy enough for enzymatic conversion o f  non-
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fluorescent cell-permeant, calcein AM, to the intensely fluorescent non-permeant 
calcein.
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Figure 8.16. Results o f  cell count from LIVE DEAD assay after 72 hours incubation for (A) low (2000) 
and (B) high (8000) concentration o f  cells seeded at 0 hours. * indicates p<0.005 and ** p<0.05 
compared to glass cover slip control.
T a b le  8 .7 .  V iab il ity  o f  G lass ,  2: 1 and 1:1 com p ared  to w e l l  o n ly  control* .
Glass G lass 2:1 2:1 1:1 1:1
72 H ou rs (L ow ) (H igh) (Low ) (H igh) (L ow ) (H igh)
Live (% ) 5 8 . 9 % 8 6 .6  % 6 5 . 2 % 6 5 . 2 % 6 1 . 8 % 5 5 . 4 %
W ell o n ly  control w a s  9 4 .8  ± 0 .6  % across  all replicates and s e e d in g  densities .
Fig. 8.17. shows scatter plots of  LIVE (CalceinAM) vs DEAD (EthD-1) stain 
intensity as determined by IN Cell 2000 software. Here it can be seen that the well only 
substratum shows a distinct difference between LIVE and DEAD stain intensity, with 
minimal overlap. However, both the nanowire substrata have considerable overlap 
between the two stains with thousands o f  cells exhibiting contribution from both stains. 
This clearly shows that nanowire substrata are causing destruction o f  cell membrane as 
ethidium homodimer 1 is cell-impermeant, and undergoes a 40 fold enhancement o f  
fluorescence intensity upon binding with nucleic acid [3]. It has been shown by Lane 
and Burka [54] that inclusion o f  cyanate ions leads to reduced cell survival due to 
reduction in metabolism o f  membrane lipid synthesis. This process took 30 days in their 
w'ork so it is likely that if a similar mechanism was behind the results obtained in 
Fig. 8.17. then both graphs C and D (2:1 and 1:1) would yield similar overlap between 
LIVE and DEAD stain intensity. Therefore contribution from both stains in multiple
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cells can only be due to perforation o f  the cell membrane via ZnO nanowires, as 
observed in Fig. 8.18.
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Figure 8.17. Distribution o f  cell intensity for CalceinAM (Live) and EthD-1 (Dead) stains in every cell 
for each o f  the 4 substrata after 72 hours incubation (A) is well only, (B) Glass coverslip, (C) 2:1 
nanowires and (D) 1:1 nanowires.
Fig. 8.18. shows U-2 OS cells in cytokinesis post mitosis, as indicated by the 
compacted nature of  the bottom left cell’s nucleus [40]. Whether this is damage has 
occurred during fixation or cell culture is unknown, however it does imply that standard 
immunocytochemistry assays to check for necrotic cells could be redundant under these 
circumstances, as if the membrane is compromised cell-impermeant stains like PI and 
EthD-1 may enter yielding a false positive result. However this result also raises other 
concerns. It has been shown by Draeger et al. [55] that nucleated cells can reseal their 
injured plasmalemma by endocytosis o f  the permeabilized site. While Jahn and 
Fasshauer [56] have shown that a cell may direct secretory vesicles towards a damaged
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area to provide membrane proteins and lipids to patch the damaged area. This process is 
called exocytosis, and is dependent on extracellular Ca~ concentration as calcium 
signals the cell. Therefore why has the cell membrane not been patched in this cell, 
when the other cell appears intact post cytokinesis?
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Figure 8.18. Scanning Electron Micrograph of  two U-2 OS cells post mitosis, where it can be seen that 
north easterly cell has considerable damage to it-s cell membrane. Insets show (Left) fillipodia attachment 
to ZnO nanowires and (Right) higher contrast zoom o f  damage to cytoplasm. Whether this damage has 
occurred during fixation or cell culture is unknown, however it does suggest that cell impermeable dyes 
contained in most necrosis assays maybe redundant. Cells were incubated for 48 hours in McCoy’s 5A 
modified medium at 37 °C 5 % C 0 2 and fixed with 3 % glutaraldehyde in PBS
It should be noted that Fig. 8.18. is not representative o f  the final nanowire 
morphology as show in Fig. 8.6., as the above image is from an early prototype 
substratum as both tissue culture and nanofabrication were researched in tandem once 
the hydrothermal process began to yield favourable results. It could therefore be that the 
observed cell membrane damage does not occur so extensively on more homogeneously 
distributed nanowire arrays. It is therefore only reasonable to conclude from MTS and 
LIVE DEAD assays that ZnO nanowires are biocompatible up to 72 hours. However, 
given the puzzling results from the LIVE DEAD assay experiments, biocompatibility 
was further investigated.
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8.4.4. Result verification (Cryo-SEM)
The puzzling results from the LIVE DEAD assay and the reduction in cell
proliferation for 1:1 substrata compared to 2:1 (that yielded values on par with glass 
substrata) prompted the cell-nanowire interaction to be investigated via cryo-SEM. Use 
of cryo-SEM abrogates the need to fix the cells as they’re quickly flash frozen in liquid 
nitrogen and sublimated to remove excess ice, thus allowing observation of fine details 
normally perturbed or even destroyed due to fixation [57]. Fig. 8.19. shows cryo-SEM 
images of U-2 OS cells after 48 hours culture on 2:1, 1:1 and glass control substrata, 
where the difference in cell shape is clearly seen. Differences in ‘apparent’ confluency 
can be neglected as the images were taken from different locations and cell distribution 
was often non-homogeneous throughout the substratum. It can be seen that cryo-SEM is 
prone to charging artifacts (see Fig. 8.19) making detailed analysis more difficult as 
higher magnifications were often unsuccessful resulting in carbon deposition and 
charging lines as indicated by white arrows. Even though SEM yields no Z range use of 
the lower detector can be used to give 3D topographical information.
Fig. 8.19. show that both 2:1 nanowires and glass control substrata yield cells 
that are well spread with several protrusions / lamelliapodia and nuclei that are of larger 
height (Z) and contain distinct components. Unfortunately cells on 1:1 nanowires 
(although have lammeilipodia) are bunched to the point that a nucleus is 
indistinguishable from the rest of the cell, indicating that the cells are uncomfortable 
with their environment and supporting results from MTS and LIVE DEAD assays. 
Again it should be noted that the cells on 1:1 are not huddled due to the confluency 
observed in Fig. 8.19. as the cells were of similar elsewhere in less confluent areas. 
Cryo-SEM has shown the behaviour of U-2 OS cells on 2:1 nanowire arrays is similar 
to that of a glass coverslip control substratum; where differences in apparent Z height 
are due to changing artifacts in Fig. 8.19f. Therefore it is apparent that the surface 
properties between 2:1 and 1:1 must be substantially different, and that it is not solely a 
change in surface morphology that has lead to the reduction in cell proliferation on 1:1, 
else 2:1 would also be reduced compared to glass control whereas Table 8.6 shows it is 
not. It is assumed that the increased (0001) surface area of the 2:1 nanowire array 
provides an increased area for the interaction and formation of focal adhesions 
compared to the smaller and pointier 1:1 nanowire array that are thought to inhibit cell 
proliferation due to non adhesive gaps in the array, as per work by ter Brugge et al, [58].
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Figure 8.19. Cryo-SEM images of  U-2 OS on (A,D) 2:1 nanowires, (B,E) 1:1 nanowires and (C,F) glass 
control substrata. Cells were incubated for 48 hours in McCoy’s 5A modified medium at 37 °C 5 % C 0 2, 
frozen with liquid nitrogen and sublimated at -90 °C until ice was removed.
Therefore the surface properties causing the observed differences in 
biocompatibility across multiple assays shall be investigated in the following section. 
Cell surface area will also be investigated using refined fixation protocols, allowing any 
doubt regarding cryo-SEM results to be negated. Also due to difficultly o f  obtaining 
high resolution images at < 1 kV acceleration voltage due to charging means that the 
cons o f  cryo-SEM out-weigh the benefits in this work. Work by Puliafito et al. [44] has 
shown that complete arrest o f  mitosis occurs when cell area falls below a critical value, 
explaining how the small size o f  cells on 1:1 nanowires in Fig. 8.19. could link in with 
reduced proliferation in MTS assay experiments.
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8.5. Cell-Substratum Interaction
To date few papers exist that fully explore the surface science behind the
observed changes in cell behaviour on substrata of  different morphology, it is also 
equally as rare to find material profiling the interaction o f  cells with ZnO nanowires, 
which is unfortunate as nanowire morphology is highly tunable and could lead to some 
exciting avenues o f  research. To fully understand the mechanisms behind cell - 
substratum interactions it is important to first understand better their effect on cell 
behaviour. This section will investigate cell-nanowire interaction using SEM 
observation and immunofluorescence microscopy techniques.
Fig. 8.20. shows a confocal microscopy Z-stack o f  a single U-2 OS cell on an 
array o f  ZnO nanowires, where the gap between each image is - 6 0 0  nm. It can be seen 
in Fig. 8.20h. the point at which the cell meets the nanowire substratum that the 
distribution o f  CalceinAM appears heterogeneously distributed throughout the cell. 
Since the process by which the LIVE stain Calcein is processed from a cell-permeant 
non fluorescent dye to a cell-impermeant fluorescent dye is an enzyme based process, 
then it cannot be determined if areas o f  high CalceinAM density could be due to non- 
uniformly distributed enzyme or differences in cell membrane Z height due to 
substratum topography.
Figure 8.20. Confocol Microscopy Z-stack o f  single U-2 OS cell on ZnO nanowires after 72 hours 
incubation stained with CalceinAM, where (A) is top of  stack which drops 600 nm towards (H) the cell- 
substrate interface in a clockwise direction. Notice how midway through the cell appears to contain 
lysosomes, possibly indicating that the cell has attempted phagocytosis or endocytosis o f  ZnO nanowires.
8.5.1. Fixed cell SEM observation of interaction
After cryo-SEM indicated that there was a difference in cell spreading area /
behaviour between the three substrates but gave less than favourable images due to
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problems with charging and low accelerating voltage the experiment was repeated using 
fixed cells. While this may seem like a step backwards, the fixing protocols by this 
point had been refined significantly enough that fine details are well preserved, see 
Fig. 8.21. Also the previously discussed cryo-SEM experiment used cultured cells for 
48 hours only which is not in line with the 72 hours used in all other experiments 
investigating cell-substratum interaction.
Figure 8.21. Scanning Electron Micrographs comparing the shape and distribution o f  U-2 OS cells on (A) 
2:1 nanowires, (B) 1:1 nanowires and (C) glass control substrata at 200x magnification, images (D-F) 
correspond to (A-C) and are taken at 600x magnification. Cells were incubated for 72 hours in McCoy’s 
5A modified medium at 37 °C 5 % C 0 2 and fixed with 4 % Paraformaldehyde. Notice how (B) and (E) 
clearly show U-2 O S ’s inability to proliferate and spread / create focal adhesions effectively on the 1:1 
nanowire array surface.
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Fig. 8.21. shows Scanning Electron Micrographs o f  U-2 OS cells on glass 
coverslip controls and the 2 different ZnO nanowire arrays taken at 200x and 600x 
magnification. Here both the 2:1 nanowire and glass control substrata yielded both a 
high confluency and higher cell spreading areas compared to the 1:1 nanowire 
substratum; supporting findings o f  both MTS and LIVE DEAD assays. Using 
fluorescent microscopy Lampin et al. [59] reported that U-2 OS cell size was clearly 
affected by surface characteristics, with cells on smooth surfaces spreading out to a 
larger cell area than cells on the rough substrates. Shah [23] suggests that the lack o f  
apparent spreading on rough surface maybe because the three-dimensional structure o f  
rough substrates provide large surface contact, without the need for extensive lateral 
spreading. However, for nanoscale topography their observation may not be applicable 
as this would be unable to explain how in Figs. 8.19-21. 2:1 nanowires and glass 
substrates yield similar cell spreading areas. It should be noted that the glass coverslip 
control have pronounced nucleui and topography as they have been coated with 17 nm 
o f  Gold to enhance conduction and allow imaging at 5 kV. It has been shown by Loosli 
et al. [60] that cell spreading behaviour is indicative o f  the amount o f  focal adhesions 
formed, and that spreading area determines signalling that affects various physiological 
functions such as cell migration.
2:1 NWs 1:1 NWs Glass CS 2:1 NWs 1:1 NWs Glass CS
Figure 8.22. Graphs showing (A) the mean lateral spreading area and (B) the confluency o f  U-2 OS cells 
after 72 hours incubation on 2:1 amount o f  cells counted using Scanning Electron Micrographs. 
* indicates p<0.005 and ** p<0.05 compared to glass cover slip control.
Fig. 8.22. shows the cell spreading areas obtained using ImageJ [61] NIH image 
processing software on images from Fig. 8.21. (as well as several other areas). More
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than 1400 measurements were taken per sample and the surface spreading area of cells 
was found to be 1203.9 pm2, 915.1 pm2, and 1791.1 pm2 for 2:1 nanowires, 1:1 
nanowires and glass coverslip control, respectively. The mean cell spreading area is 
likely larger for U-2 OS cells on 2:1 nanowires because of the additional width and 
orientation of the nanowires. It is also likely that due to 2 : l’s more flat hexagonally 
terminated [0001] plane that the cells are able to create adhesion points more readily on 
2:1 than on l : l ’s more pointy terminated nanowires; this will be investigated further in 
section 8.6. The differences observed in cell surface spreading area between glass and 
2:1 nanowires are interesting given that both were 88 % viable at 72 hours compared to 
well only control and both have extremely different surface topography. It can be 
assumed that there are mechanisms affecting cell proliferation other than the topography 
of the substrate, such as surface charge or local pH; these will be subsequently 
investigated.
Table 8.8. Cell spreading area for 3 substrates (n>500)
Substrate Area (um2) SD Perim . (um) SD
Glass 1203.86 59.03 167.92 8.62
2:1 NWs 1791.09 85.27 178.65 2.71
1:1 NWs 915.11 77.61 129.70 5.48
Shelton et al. [62] has shown that focal adhesions are charge sensitive. They 
report that the shape of neonate rat calvarial osteoblasts was significantly different 
between cultures on a positively or negatively charged polymer substratum. It could 
also be the case that the main mechanism behind the observed change in cell shape is 
the density of the nanowires, more specifically the gap between the wires, as ter Brugge 
et al. [58] has reported that voids in a substratum are non-adhesive regions for cells, 
affecting their behavior. It has been reported recently the effect of altering substrate 
rigidity by Fu et al. [63], and wettability by Ayala et al. [64] on cell morphology and 
mesenchymal stem cell (MSC) differentiation. However to date only a few papers exist 
that explore the differentiation of cells using zinc oxide Nanowires, Ciofani et al. [3] 
report on differentiation of H9c2 myoblasts into myotubes, by adding a collagen layer 
to their nanowire array to act as an artificial extra cellular matrix (ECM) and added 1% 
insulin-transferrin-sodium selenite mixture (a growth factor) to induce the expression of 
a skeletal phenotype. It should be noted that confluency values don’t match images as
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contribution from cells touching the sides of the image were neglected to avoid biasing 
of cell spreading area results in Fig. 8.22a.
It is interesting that cell spreading area matches closely the MTS and LIVE 
DEAD results as Puliafito et al. [44] has shown that complete arrest of mitosis occurs 
when cell area falls below a critical value. U-2 OS cells cultured on 1:1 nanowires are 
likely below this critical value. Gronowicz and McCarthy [65] has reported that integrin 
properties are dependent on substratum surface characteristics, where initial interaction 
of the human osteoblasts SAOS-2 with orthopaedic implant materials showed SAOS-2 
cells are capable of attaching directly to implant materials through integrins. As when a 
GRGDSP peptide was added to inhibit integrin receptors, cell adhesion was reduced by 
28 -  40 %. They postulate that the type of substrate determines which integrins and 
extracellular matrix proteins are expressed by osteoblasts. If further time was available 
an in depth analysis of ECM formation on ZnO nanowires would be conducted, as well 
as an in depth analysis of cell migration as cell motility is inversely proportional to cell 
surface area [64].
8.5.2. Immunocytochemistry of Vinculin
An immunocytochemistry investigation of actin and vinculin was conducted to
determine how and where focal adhesions form on each substrate, aiding understanding 
of cell shape and behaviour that leads to such drastic differences in proliferation rate 
(especially between 2:1 and 1:1). However, it was quickly found that the laboratory did 
not have the facilities to accommodate for an opaque substrate, as it was unknown in the 
beginning that the hydrothermal growth method would introduce so many defects. 
Therefore, the main system available was a General Electric’s IN Cell 2000, (see 
chapter 6) which was used to obtain the images in Fig. 8.23.
Fig. 8.23. shows fluorescent micrographs of U-2 OS cells on glass coverslips 
and ZnO nanowires, where green fluorescence is due to anti-vinculin (raised in mouse) 
at 1:100 and anti-mouse (raised in goat) conjugated to FITC at 1:32; and blue 
fluorescence is due to DAPI counter-stain 1:1000 (57 pm). It should be noted that the 
40x magnification objective was unable to focus correctly, as discussed in Chapter 6. a- 
vinculin was selected as it is part of the cross-linking and attachment mechanism joining 
actin filaments with integrin, where integrin forms adhesion points to the substratum 
[66], see Fig. 5.6. Spreading cells edge protrusions are connected to the underlying
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extracellular matrix via integrin and cytoskeletal structures (called nascent adhesions) 
that are created at the same time as the lamellipodia protrusion extends [67]. Lawson et 
al. [68] has shown that talin binds vinculin and actin, at each integrin site, therefore 
knowing the location o f  vinculin allows determination o f  focal adhesion location.
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Figure 8.23. Fluorescent micrographs at 20x o f  U-2 OS cells after 72 hour incubation stained for 
Vinculin (green) and counter stained for nucleic acid (blue) adhered to (A) 2:1 nanowires, (B) 1:1 
nanowiies and (C) glass coverslip. Notice the difference between the two nanowire arrays, U-2 OS cells 
are clearly much more comfortable adhered to 2:1 nanowire arrays. Also, (D) shows minimal non-specific 
binding to substratum, (E) using just Primary with no Secondary and (F) using just Secondary with no 
Primary. All images have been counter stained with DAP1.
It is believed that differences in U-2 OS cell secretions and protein adsorption to 
the different substrata have led to the differences in cell proliferation and behaviour / 
migration observed so far. However, it is difficult to correlate individual surface 
properties to observed differences in cell behaviour as all properties appear inter-related. 
Berlind et al. [14] investigated protein adsorption on different substrata, stated that a 
complex situation occurs where results are subject to multiple microstructural 
properties, such as surface chemistry, isoelectric point, hydrophobic effects and surface 
charge. Even when a correlation is hypothesised unquantified effects such as 
photobleaching can have unknown effects on the obtained data, it has been shown by 
Lele et al. [69] that photobleaching can cause detachment o f  focal adhesions. Thus,
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investigation of surface properties and cell behaviour is difficult to analyse due to the 
way several surface properties inter-relate. Therefore the work was repeated again using 
anti-Vinculin antibodies conjugated with 5 nm gold colloids, on dried samples in SEM 
for investigation at higher magnification.
8.5.3. ImmunoGold SEM of a-Vinculin
The previous sections investigation was re-conducted using anti-vinculin
conjugated with 5 nm gold colloids, allowing SEM to be used to image at around 
100,000x magnification. Fig. 8.24d. clearly shows the benefit of using SEM as 
backscattered electrons are used to observed cell-substratum interaction at 100,000x 
magnification, where white arrows indicate high contrast gold colloids that correlate 
with backscattered electron information. Here image contrast is derived from electron 
density and atomic weights rather than topographical information; allowing clear 
distinction between low contrast carbon ‘background’ of cell membrane, ZnO 
nanowires and high contrast gold colloids attached to vinculin. These colloids are 
definitely from within the cell membrane and not just sitting on top and several rinsing 
cycles were conducted and the samples were also looked at in cross-section.
As before primary antibody, anti-vinculin (from Mouse) concentration was 
1:100 and secondary antibody, anti-mouse (from Goat) conjugated with 5 nm gold 
colloids with a concentration of 1:30. Cells were permeabilised with 0.05% Triton-X 
and blocked with 1 % bovine serum albumin in PBST (0.05 % Triton-X), to allow for 
Gold conjugates as per Bozzola and Russell’s protocol [70], However, this time 
substantially more information can be obtained from cell behaviour. 1:1 and glass are 
not shown as colloid distribution was random, for 2:1 though it appears that the 
nanowire dictated where focal adhesions could be made. Just like SEM images of 
fillipodia (in Fig. 8.11.) where [0001] facets were avoided, there must be some property 
of 2:1 nanowires that causes this kind of behaviour. This is imperative for 
understanding of cell-nanowire interaction and more importantly use of ZnO nanowire 
coatings for in vivo application. However the real challenge for in vivo work will be to 
observe ZnO interaction with macrophages, to observe if implantable devices are viable 
or not due to encapsulation, Zavedri et al. [71] investigated the influence of 
nanotopography on macrophage-substratum adhesion and viability on ZnO nanowires 
compared to flat sputtered ZnO controls and glass c overslips. They found that
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macrophages initially adhere and spread well on ZnO nanowire arrays but that the 
number o f  adherent macrophages was reduced compared to flat ZnO and glass 
substrata. In this work it should be noted that unfortunately imaging o f  fillipodia was 
impossible due to beam interaction and charging, a metal coating could not be used as it 
would mask the fine details and hide 5 nm gold colloids; therefore SEM does have its 
limitations for life sciences.
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Figure 8.24. Scanning Election Micrographs o f  U-2 OS cell on 2:1 nanowires after 72 hours incubation 
in McCoy’s 5A modified medium at 37 °C 5 % C 0 2, fixed with 4 % Para-formaldehyde, Permeablised 
with 0.05% Triton-X and stained. (A) shows that the cells are happy and well spread on 2:1 nanowires, 
(B) zoom o f  cell, (C) zoom o f  cell 's leading edge and (D) Back scattered electron image of  [0001] facet 
o f  2:1 nanowire with cells lammilipodium and preferential attachment to non-polar facets as indicated by 
5nm Gold colloids around edges o f  nanowires.
8.6. Su rface P rop erties o f  Su bstrata
To fully understand the mechanisms behind cell-substratum interactions it is
important to characterise the surfaces used as extensively as possible. In this work the 
substrates were characterised using, Scanning Electron Microscopy (SEM), Atomic 
Force Microscopy (AFM), Zeta potential and contact angle measurements; yielding 
substrate morphology, surface roughness, adhesion force, elasticity, surface charge and
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wettability. Such an extensive array of techniques allows for more in depth observation 
and hypothesis. Scanning Electron Microscopy (SEM, Hitachi S-4800) was used to 
determine the nanowire morphology and cell shape post fixation; Atomic Force 
Microscopy (AFM, JPK Nanowizard II) was used to determine the arrays adhesiveness 
and roughness. Zeta Potential (ZP, Malvern Zetasizer 2000) was used to determine the 
substrates surface charge in PBS; also contact angles were acquired of 1 pi water 
droplets in air using a (Hitachi Denshi Ltd., Colour CCD) to determine surface 
wettability. As previously discussed Lampin et al. [59] has shown that substratum 
surface characteristics affected U-2 OS cell spreading area. Similarly it has been shown 
by Martin et al. [72] that surface roughness affected cell shape, proliferation, 
differentiation, and protein synthesis of human osteoblasts (MG63) on Titanium disks. 
Kononen et al. [73] conducted similar research with human gingival fibroblasts, 
conducting immmunofluoresence microscopy and reporting that appearance of stress- 
fiber type actin bundles and vinculin-containing focal adhesions were dependent on the 
texture of the Titanium surface. Therefore it can be seen that substrate roughness is 
likely to be a key variable for examination of cell behaviour witnessed so far and it will 
be investigated next.
8.6.1. Surface roughness and Adhesion (AFM)
It is well documented in the literature that surface roughness can have a major
effect on cell-substrata interaction that may lead to cell behavioural changes, changes in 
motility and proliferation rate or even necrosis. It has been shown by Lampin et al. [59] 
that chick embryo explants are susceptible to surface roughness and wettability, with 
surface roughness substantially altering cell behaviour (shape), migration (motility) and 
proliferation on PMMA substrata of different roughness. Chung et al. [74] have 
reported that nanometer scale roughness can improve the adhesion and proliferation of 
human endothelial cells (HUVECs) on a biomaterial surface. Conducting an MTT assay 
they found that increased surface roughness of 10 -  100 nm scale enhances proliferation 
of HUVECs on polyethylene glycol (PEG) on polyurethane (PU) substrata. AFM 
measurements were performed in contact and tapping modes to acquire force curves and 
images for RMS roughness, see Fig. 8.25.
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Figure 8.25. Graphs’ comparing the surface properties for the two different ZnO nanowire recipes 
compared to a glass cover slip control, where (A) shows Surface Adhesion and (B) Surface Roughness; 
where N = (A) 300 force curves, and (B) 15 locations. * indicates p<0.005 and ** p<0.05 compared to 
glass cover slip control.
Fig. 8.25a. shows the adhesion properties o f  the 3 different substrates, where it 
can be seen that the 2:1 nanowire arrays yields the ‘stickiest’ surface for U-2 OS to 
adhere to. 300 force curves were taken per sample and the surface adhesion force with a 
8 pm latex sphere was found to be -24.40. -5.52 and -11.92 nN for 2:1 nanowires, 1:1 
nanowires and glass coverslip control, respectively. It is most likely that the increased
(0001) facet surface area o f  2:1 nanowires provides additional contact for van der walls 
forces yielding increased adhesion force in AFM force curves compared to pointy 1:1 
nanowires and flat glass coverslips. Zaveri et al. [71] made a similar discovery with 
mouse macrophages in vivo, where they subcutaneously implanted ZnO nanowire 
coated and a ZnO-layer coated substrata in mice for 14 days and found that cell 
adhesion and viability correlate to both topography and toxicity o f  ionic zinc. They also 
conducted a similar study in vitro where the ZnO nanowire and ZnO layer substrata 
were suspended above the cells and observed a 30 % reduction in cell adhesion 
compared to a glass control indicating that viability was independent o f  topography. 
Flowever, it has already been hypothesised that ionic zinc is likely removed via reaction 
with chlorine and sulphur forming inorganic salts zinc chloride and zinc sulphide as 
shown by the EDX findings in Fig. 8.5.
Fig. 8.25b. shows the surface roughness properties o f  the 3 different substrates, 
where it can be seen that the 2:1 nanowire arrays yields the most textured surface for U- 
2 OS to adhere too. 15 locations were randomly selected from 3 substrata per sample 
and the RMS surface roughness was found to be 202, 152 and 3 nm for 2:1 nanowires.
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1:1 nanowires and glass coverslip control, respectively. Chung et al. [74] reports that 
the viability of HUVECs on substrata with increased surface roughness significantly 
improved, evaluated by MTT assay. Similarly, Martin et al. [72] has found increased 
MG63 cell numbers on rough Titanium substrates compared to smooth controls. It has 
been reported by ter Brugge et al. [1] that substrate characteristics can affect cell 
function due to surface roughness altering the cell’s shape, leading to changes in 
integrin formation and so they hypothesise that this leads to interference with 
intracellular signaling events. It is commonly mentioned in the literature that substrata 
with greater surface area will have greater protein adsorption. Specifically, Mora et al. 
[75] have shown that pore size and surface area o f carbon biomaterials had a substantial 
effect on the amount of protein adsorption. Such differences in protein adsorption due to 
surface roughness could greatly affect cell proliferation as integrin requires a robust 
ECM for creating cell-substratum focal adhesions. Therefore the AFM analysis provides 
a possible explanation for the difference in cell viability between the two types of wires.
8.6.2. Surface charge and wettability
It is often reported in the literature that cell-substratum adhesion is highly
dependent on surface charge and hydrophobicity of the substratum. This is 
predominately due to the protein adsorption process being hydrophobicity sensitive, 
where hydrophobic surfaces are often shown to adsorb more proteins than hydrophilic 
surfaces [76]. Also Lopes et al. [77] have reported that substratum surface charge 
affects the formation of the proteinaceous layer absorbed onto the surface. Where 
Saravia and Toca-Herrera [43] have reviewed cell-substratum interaction and report that 
mechanical tension between the cytoskeleton and ECM has an effect on cell shape and 
behaviour, leading to complex signaling cascades.
Fig, 8.26a. shows the surface charge properties of the 3 different substrates, 
where it can be seen that the glass coverslip control yields the most highly charged 
surface for U-2 OS to adhere to. 11 measurements were taken per solution and the 
surface charge was found to be -25.1, -17.5 and -35.8 mV for 2:1 nanowires, 1:1 
nanowires and glass coverslip control, respectively. Chen et al. [78] reported that the 
cellular uptake of hydroxyapatite (HAP) nanoparticles and effect on cell viability and 
proliferation of MC3T3-E1 cell lines (osteoblast) in vitro was surface charge dependent. 
They report that MC3T3-E1 ’s negatively charged cell membrane lead to more uptake of
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positively charged HAP nanoparticles compared to those with negative charge, which 
they attribute to either attractive or repulsive ce 11-nanoparticle interaction. Degen and 
Kosec [9] report that water molecules are chemically adsorbed onto the zinc oxide 
surface, where hydroxyl surface coating leads to a change in surface charge with 
changing pH. They report a similar zeta potential value o f  -  30 mV for ZnO 
nanoparticles when sulphate ions are added to their solution and the pH is in the region 
o f  6.5 -  12. They hypothesize that sulphate ions form high valency conjugate bases o f  
sulphuric acid, where the significant reduction in zeta potential may be due to strong 
surface adsorption due to high negative charge density o f  this polyvalent acid. As 
Fig. 8.5. indicated, sulphate ions will be in the solution, so this explanation for the 
obtained surface charge is highly probable.
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Figure 8.26. Graphs’ comparing the surface properties for the two different ZnO nanowire recipes 
compared to a glass cover slip control, where (A) shows Surface Charge and (B) Surface Wettability. For 
each graph n= (A) I I measurements and (B) 4 droplets. * indicates p<0.005 and ** p<0.05 compared to 
glass cover slip control.
It is well established in the literature that negatively charged osteoblasts prefer 
to adhere to a negatively charged substratum, typically because negatively charged 
substrata promote additional protein adsorption [79]. It has been reported by Bodhak et 
al. [17] that human fetal osteoblast cells assumed a flattened and spread morphology on 
negatively charged HAP substrata after 5 days incubated. They postulate that the 
mechanism for increased cell spreading area and proliferation on negatively charged 
substrates is due to their preferential adsorption o f  Ca2+ ions and cell adhesive proteins
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(e.g. fibronectin), providing more sites for osteoblast cell adhesion and therefore a more 
spread and happy cell. Therefore the increased negative charge of 2:1 nano wires 
compared to other substrata could well be the cause behind previously observed large 
cell spreading area. Chen et al. [80] has shown for bacteria that substrata zeta potentials 
lead to difference in cell-substratum adhesion due to surface charge and there is an 
interplay between long-range Lifshitz - Van der Waals, electrical double layer and 
short-range Lewis acid-base interaction forces. It is often reported in the literature that 
titanium is the best biomaterial for orthopedic implants and is widely used for bone- 
implant application due to its hydrophilic and negatively charged surface [14].
Fig. 8.26b. shows the surface wettability of the 3 different substrates, where it 
can be seen that the 2:1 nanowire arrays yields the least hydrophobic surface for U-2 OS 
to adhere too. 8 measurements were taken from 4 droplets per substratum and the 
surface wettability determined to be 37.8, 21.9 and 30.0 0 for 2:1 nanowires, 1:1 
nanowires and glass coverslip control, respectively. It should be noted that although 2:1 
nanowires yielded the least hydrophobic surfaces that all Student’s Ttest p values in 
Table 8.9. exceeded 0.005 and so while still being significantly different they’re more 
similar than other findings in this section [81]. Bacakova et al. [45] report that 
hydrophobic surfaces also have anti adhesive properties, and that adsorption of proteins 
on to a hydrophobic surface results in a rigid, reorganization resistant ECM, The 
correlation between hydrophobicity and surface adhesion is similar to findings in this 
work, where the most hydrophobic surface (1:1 nanowire array) also yielded the lowest 
adhesion force for the 8 pm latex colloid. Garcia et al. [82] have shown that rigid ECM 
results in amino acid sequence inaccessibility for the cells integrin receptors, therefore 
reducing adhesion.
Table 8.9. Matched pair 2 tailed Student’s ttests values for Figures 8.31-2.
Experiment (Fig) 2:1 vs. 1:1 2:1 vs. Glass 1:1 vs. Glass
Adhesion 8.25a 5.49E-67 0.000914 0.034866
Roughness 8.25b 3.57E-06 2.14E-14 1.03E-18
Charge 8.26a 6.58E-08 6.81E-13 1.35E-17
Wettability 8.26b 0.000672 0.006407 0.029429
It is somewhat difficult to separate the influence of wettability from the 
influence of surface roughness as well as topography and adhesion force, since all 
parameters differ among the 3 substrata. This problem has been best described by Vitte
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et al. [83] where they explain that when a cell has just adhered to a surface it has several 
decisions to make. The cell may undergo apoptosis, or remain alive and proliferate, it 
may remain on the site of adhesion or may start migrating; essentially the reason for this 
decision is the focus of the biological research community. While several of these 
decisions have been investigated in this work, it has been difficult to efficiently manage 
to pursue two areas of research in tandem, this is why cell-substratum interaction 
became the focus of the work as it is an essential piece in the puzzle that is cell 
mechanics.
8.7. Summary
It has been shown that ZnO nanowire arrays are biocompatible with U-2 OS 
with little difference between the glass coverslip control and both the ZnO nanowire 
substrata up to 48 hours. However for incubation times greater than 48 hours it has been 
observed that a statistical difference emerges between the glass coverslip control and 
one of the ZnO nanowire arrays; specifically the 1:1 recipe. The viability still remains at 
88.4 % for 2:1 nanowire arrays and drops to 72.4 % for 1:1 nanowire arrays. Although 
MTS only gives an indication of cell health via proliferation it doesn’t yield any 
information about the death of cells, and therefore it has often been suggested in 
literature that a lactose dehydrogenase assay should be conducted in tandem to confirm 
if necrosis is reducing proliferation or just adverse conditions inhibiting mitosis keeping 
cells in their lag phase. Smith et al. [84] present a thorough MTS/LDH based protocol to 
determine if reduced proliferation is due to growth inhibition or cell death , and this 
should be conducted if the work were repeated. A LIVE DEAD assay was also 
conducted supporting the findings of the MTS assay, where at the highest cell seeding 
concentration after 72 hours it was found that 86.6, 65,2 and 55.4 % of the U-2 OS cells 
were alive on glass control, 2:1 and 1:1 nanowires, respectively.
The main mechanism behind the observed change in cell shape witnessed during 
the study is attributed to surface charge, hydrophobicity and surface roughness of the 
nanowires. However, exciting results using immuno-gold SEM of a-vinculin to 
determine integrin focal adhesion points indicated that the cells preferentially attached 
to the non-polar facets, where 1:1 nanowires pointy ends would not allow such 
attachment. It is also likely that (0001) facets provide more support and apply less
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pressure on the cell’s cytoplasm. Specifically the gap between the wires are encouraging 
a change in cell shape due to a change in global surface roughness [1]. The viability 
percentages obtained during the study undoubtedly directly relate to the observations 
present on the surface spreading area of the the cells. Work on observing the interface 
between the cells and nanowires has already been started by the author and this research 
is ongoing (discussed in chapter 9). Preliminary immunocytochemisty work to study 
focal adhesions with confocal microscopy is also underway.
It is believed that further work should be conducted and the differentiation of human 
mesenchymal stem cells (hMSCs) using ZnO NWs should be investigated. McBeath et 
al. [85] have observed the switching of stem cells lineage commitment by introducing 
the cells to different micro-patterned surfaces, reporting that cells that flatten and spread 
underwent osteogenesis while unspread round cells became adipocytes. If this idea is 
combined with the solubility of ZnO nanowires then some novel device coatings could 
be brought to market. Zhou et al. [6] have reported ZnO nano wires dissolving in horse 
serum within 14 days, this creates a great deal of potential for coating implantable 
devices such as (for example) replacement joints that can inhibit immune system 
response and negate osteoimmunology response. Imagine a hip-joint that can reduce 
post-operation inflammation and encourage wound healing via differentiation of the 
own patients hMSCs harvested during the the operation. The ZnO nanowires would 
dissolve harmlessly by which time plenty of oseteopontin and hydroxyapatite will have 
been created due to the high number of osteoblasts from promotion of osteogenic 
differentiation. The possibilites with this material are endless now that it has been 
proven biocompatible, however the logical next step in work would be investigate 
cytotoxicology and in vivo application initally with micronucleas assay and in vitro 
assesment with macrophages, as per work by Zaveri et al. [71]. Also, Hu et al. [86] say 
that the perfect bone implant should actively recruit osteoblasts and promote cell 
adhesion as well as release appropriate bioactive signals (growth factors or cytokines) to 
promote cell proliferaion for rapid new bone formation.
This work has proven ZnO nanowires grown by chemical bath deposition provide 
good cell adhesion and the next step would be to investigate bioactive signals and 
differentiation. The majority of literature consentrates on the viability and 
biocompatabily of ZnO nanowires, therefore research into differentiation of cells, as 
well as other areas such as gene expression, phenotypes etc,., would likely be well 
received by the Academic commmunity.
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9.1. Introduction
Over the past 8 chapters this thesis has shown and discussed the properties of 
zinc oxide, the methods of its fabrication and the techniques used to characterize the 
vast arrays of zinc oxide nanowires created by hydrothermal method of chemical bath 
deposition. It has been shown that once a recipe that was reasonably reproducible was 
obtained and its properties explored the application of cells to zinc oxide nano wires and 
the effect this had on their behavior and proliferation was investigated. But what 
conclusions can be made from the observations made in this work and how does this 
help promote the research and development of zinc oxide as a viable biomaterial within 
the Academic community? This chapter will summarize the milestones that have been 
reached and those that are yet to be achieved.
9.2. Conclusions
In chapter 7 All the major variables for the hydrothermal growth of zinc oxide 
nanowires were explored, solution temperature, concentration, growth time, seed layer 
thickness and method, substrate position, ratio of precursors, yet initially reproducible 
crystal growth could not be obtained. Tolerances were too high when comparing the 
morphology results from two nanowire arrays using the same recipe; a significant 
variable was clearly being overlooked. By collating all the quantitative data and 
compiling it against all recorded variables it was promptly determined how the solution 
was stirred and for how long had an astonishingly high impact on the final morphology 
and optical properties of the obtained ZnO nanowires. This was postulated to be due to
j i
its effect on the formation of the ZnOH2 intermediate, a source of Zn ions. Once 
reproducibility was obtained a single variable was selected, precursor ratio, as it yielded 
the most significantly different nanowire arrays compared to all other variable changes.
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Z nN 0 3  : HMTA at 2:1 and 1:1 where 1 = 25 mM, these were the finalized recipes taken 
into phase 2 o f  this work.
Figure 9.1 . SEM images comparing the two final recipes, a) 2 : 1 and d) 1: 1 that were used to investigate 
the biocompatibility and behaviour of  cells on zinc oxide nanowires.
It has been shown in this work that ZnO nanowires are stable in media for 7 
days, that U-2 OS cells adhere and proliferate as normal for 3 days. MTS assay results 
showed that at 3 days both 2:1 nanowires and the glass control had 88 % the number o f  
cells o f  a no substrate (well only) control. It was also shown with LIVE DEAD assay 
that 2:1 nanowires obtained results similar to the glass control, with the results at low 
seeding after 3 days being 59, 65 and 62 % live cells for glass control, 2:1 and 1:1 
nanowires, respectively. It should be noted that less emphasis was placed on LIVE 
DEAD results since there was a substantial difference between no substrate and glass 
controls, at 95 and 59 % live cells, respectively. This difference was likely due to the 
handling o f  the samples o f  the course o f  the 3 day experiments, where substrate samples 
would need to be frequently moved with tweezers in and out o f  new plates to complete 
the rinsing cycles and application o f  the LIVE DEAD assay.
After a few preliminary biocompatibility assays it become apparent that the 
nanowire arrays were having an effect on cellular behavior, the difference in cell 
spreading area was easily noticeable and so this was discussed. The author is unsure of  
the implications o f  a force sensor that alters the behavior o f  the specimen to be 
measured, but unless the effect can be minimized the ZnO nanowire arrays have little 
future for force sensing applications. However, they do have a future as surface coatings 
for implants, a future as a biomaterial as they are both biocompatible and easy to grow 
on any substrate (that is seeded with a layer o f  ZnO) using the hydrothermal chemical
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bath deposition process. Therefore their future application as a surface coating for 
application in vivo will be discussed next.
9.3. Direction of Future W ork
From above statements it cannot be argued that these nano wires are as 
biocompatible and safe as glass, but this work did not look into the long term effects of 
additional extracellular Zn . If there was more time a micro-nucleus (genotoxicity) 
assay would have been conducted to confirm that U-2 OS cells were dividing correctly. 
The micro-nucleus assay just confirms the appearance of micronuclei, which are small 
cytoplasmic bodies containing parts or whole chromosomes not shared corrected during 
the anaphase (mitosis). Their formation essentially means that the cells are damaged at a 
genetic level and the chemical or substrate that was added is a carcinogen. Evaluation of 
cytotoxicology is an essential next step in ensuring that ZnO nanowires may be used for 
in vivo applications, or using macrophages for in vitro assessment.
A detailed plan of what to do and where to go next was discussed in section 8.7. 
and shall be summarised here. Phase 3 of the work should avoid force sensing 
application as cells are too easily perturbed, instead the influence the ZnO nanowire 
array has on the cells should be exploited to control the behavior of the cells. Sub­
section 8.5,1 and 8.5.3. reported that the cell spreading area was altered depending on 
substrate topography, roughness and wettability. This phenomenon should be 
reinvestigated using human mesenchymal stem cells (hMSCs) to see if differentiation 
can be achieved, forming osteoblasts via osteogenesis. If this is achievable then ZnO 
nanowires would be a more ideal biomaterial for bone repair, where they could be used 
to coat titanium plates and screws to inhibit immune system response and negate 
osteoimmunology response. When the solubility of ZnO nanowires is considered then 
coating the osteo-implant could promote the formation of a thick layer of oseteopontin 
and hydroxyapatite from the osteoblasts, before dissolving.
Alternatively if observation of cell-substrate interaction is to be continued then 
the next logical step would be to conduct confocal microscopy for detailed information 
of this interface. Fig. 8.26. showed the cell-substratum interface of a single U-2 OS cell, 
however without emission from the ZnO nano wires determination of the exact cell- 
substrate interface is difficult as the emission from the dye used to stain the cell simply 
attenuates with Z-height from the cell-substrate interface. Therefore, research was
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conducted to find a suitable ZnO stain / coating to provide more information from 
confocal microscopy. FluoZin-3 is a fluorescent marker (Excitation at 494 nm /
• • 1 2"b • •Emission at 516 nm) which targets Zn“ and yields a 50-fold increase in fluorescence in 
response to saturating levels o f  Zn2+. It was found that by using the cell-impermeant 
form o f  the dye that the ZnO nanowires in this work could be made to be fluorescent, 
with emission at 516 nm; see Fig. 9.2. Unfortunately this work did not go past the 
preliminary stages as there was insufficient time. However, it can be seen that 
continuation o f  work with FluoZin-3 could lead to some very interesting observations 
on cell-substrate interaction with ZnO nanowires. It is suggested to pursue ZnO 
nanowire staining in tandem with an investigation into the manipulation o f  
differentiation o f  hM SCs due to ZnO nanowire surface properties providing a 
potentially fruitful avenue for future research.
Control BF Control FITC
<3 FluoZin3 BF I  Qr M B I
| S
Figure 9.2. Immunofluorescence image of  ZnO nanowire arrays that have (A and B) and have not (C and 
D) been treated with FluoZin3, where (A and C) are Brightfield images to show where the substrate is (on 
right) and (B and D) are FITC images. (D) shows emission from ZnO nanowires coated with FluoZin3 
(emission at 516 nm).
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A ppend ix  I. L attice D efects, P lanes and D oping
1.1. Defect Levels within the Band-gap
When planning to use a semiconductor for any electrical, optical or mechanical 
based sensing systems then the amount and types o f  point defects are an essential 
element to be both understood and considered in material selection as they can 
drastically alter the properties o f  their host material. In chapter 2 the majority o f  point 
defects that can exist in the crystal lattice were discussed and shown in Fig. 2.4., it was 
not however explained how much vacancies, interstitials, substitutionals and antisites 
may affect the optical properties o f  ZnO nanowires, by creating levels within the band- 
gap on a band diagram. It is well known that semiconductors are formed (in our case) 
when group II and VI (2 and 6 electrons available respectively) elements coalesce 
forming a neutral compound. However, as discussed elements from other groups can 
often be incorporated, or atoms can be in locations they shouldn’t changing the 
properties o f  the material system. Fig. AI.l uses band diagrams and crystal lattice 
diagrams to explain how the (for example) substitutionals can create additional levels 
within the band-gap, changing the electronic properties o f  the semiconductor material.
a) V e ' V  Valency denotes the num ber of b)v / +w
electrons an atom can form ,
^  assuming tha t the dopants are ^
y b  introduced to  a lll-V  semi- ^
conductor w ith  Valency 3 then:
/  \  <-Si atoms have Valency 4 S  X  s  \
and have 1 electron more than the 
______________ _______  lattice and so donates an electron. !
, i Zn atoms have Valency 2 -> A c c e p to r  Level
D o n e r  Level
and have 1 electron less than t h e --------------------------------------------EF
N.type lattice and so accepts an electron. p.type
Figure AI.l .  Diagrams shows two different substitutionals in a III-V semiconductor crystal lattice, where
(a) shows electron donors, Si leads to electrons in the conduction band and an n type semiconductor 
material system (b) shows electron acceptors, Zn leads to holes in the conduction band and a p type 
semiconductor material system.
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However, these point defects often manifest concurrently, that is to say it is not 
unlikely to find that three or more defect levels within the band-gap can be contributing 
to the deep level emission (DLE) peak so often observed in photoluminescence spectra 
throughout this work. For example in Fig. 4.23. and Table 4.4. it was shown that the 
NBE and DLE peaks often consist o f  the point defects within the band-gap, and that 
these are commonly accepted in the literature [1-4]; Fig. AI.2. takes these DLE ‘s and 
shows within a band diagram for perspective.
Ec
VoZn, 
2.21 eV 
580 nm
2.00 eV 
640 nm
3.39 eV 
377 nm
2.42 eV 
528 nm
Ev
Figure AI.2. Energy band diagram shows how the addition of  deep energy levels within the band-gap due 
to numerous point defects contributes to the photoluminescence signature seen throughout this work.
1.2. M iller-B rava is Indices
Miller Indices are notation to describe growth directions and groups o f  parallel 
planes in crystal lattices, where the unit cell is used to determine the index; see Fig. 
A LL Directions are expressed in terms o f  unit vector ratios in integers in the form 
[uvw], whereas planes are expressed as integers in the form (hkl), where h, k and 1 the 
axes o f  the unit cell. Planes are obtained by dividing the intercept points o f  the plane on 
each axis by their respective cell dimension yielding fractional intercept points; with 
their reciprocal generating the plane’s miller indices, see Table A LL However (hkl) 
primarily applies to Face and Body Centered Cubic (FCC/BCC) Bravais lattices, but 
zinc oxide is a Hexagonal Close Packed (HCP) Bravais lattice and therefore it is useful 
to use the four index Miller-Bravais system instead to limit ambiguity between similar
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planes. That is because HCP crystal lattices have six-fold symmetry, where planes 
parallel to the 1 axis will yield miller indices that suggest the planes are dissimilar they 
are actually identical with all planes through the ‘long’ diagonal o f  the unit cell being 
equivalent [5]. Therefore Miller-Bravais indices are used to eliminate confusion 
between crystallographically similar planes and directions, as axes on the basal plane 
are selected along the axes of  symmetry ensuring similar planes yield similar indices. 
Table AI.l shows how four index Miller-Bravais indices are obtained from observation 
o f  diagrams in Fig. AI.3a.
(a) (b )
a?
h
( MO)
< 1
( 1100)
>
(0001) (001) ( M l )
Figure AI.3. Examples of  Miller-Bravais and Miller indices labeling ciystal planes in a) HCP and b) FCC 
crystal structures; typical of  zinc oxide and silicon respectively.
Table AI. l. Obtaining Miller-Bravais indices - (using 101 I) as an example
a ,(h ) a2 (k) n A i)  C (l)
P lan e in tersect A, 00 A, 1
In tersect L ength 1 OO -1 1
R ec ip roca l 1 0 -1 1
M iller  In d ices 1 0 T 1
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1.3. Conversion of Miller (hkl) to Miller-Bravais (hki/) indices
Since the interception point o f  the a/ and a2 axes also determines the point o f  
interception on the an axis, then one can easily convert between Miller-Bravais (hki/) 
and Miller (hkl) indices, using Equation A l .  Fig. AI.4. shows how the FCC unit cell 
may be placed within the HCP unit cell to visually explain how Equation Al yields the 
correct conversion from three index Miller indices to four index Miller-Bravais indices. 
The main advantage o f  the Miller-Bravias system is that similar planes have similar 
indices, therefore the four index system shall be used as the standard in this thesis.
Fig. AI.4. shows the overlay and comparison o f  FCC and HCP unit cells for 
(110) and (1110), respectively. It can be seen that conversion from three to four or from 
four to three index indices is quite straight forward when either visualized or calculated. 
For example, the follow conversions o f  common zinc oxide XRD peaks can be made:
M iller  plane (100) is equ iva len t  to the M il ler-B ravais  plane (10T 0) 
M iller  p lane (002) is equ iva len t  to the M ille r-B ravais  p lane (0002) 
M iller  p lane (101) is equ iva len t  to the M ille r-B ravais  plane (101 1) 
M il ler  plane (102) is equ ivalen t to the M ille r-B ravais  p lane (1012) 
M il le r  plane (103) is equ ivalen t to the  M il le r-B ravais  plane (1013) 
M il le r  p lane ( 1 12) is equ ivalen t to the M ille r-B ravais  plane ( I l l 2 )
(Al)
C or /> k
a
<
a j or h
Figure AI.4. Diagram showing how Miller-Bravais four index indices may be obtained from three index 
Miller indices by visual comparison o f  the FCC and HCP unit cells.
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Appendices I - VIII
A p p en d ix  III. T ailoring Surface P roperties (PE I)
III.l. Introduction
It is well known from the literature that cells are surface sensitive, and this has been 
heavily discussed in the chapter 8 o f  this work. However, the works investigations into 
the application o f  Polyethyleneimine (PEI) have not been discussed, and is done so 
here. PEI is an organic polymer containing a large amount o f  amino groups that may be 
protonated. In physiological pH (such as that in simulated body fluid, SBF) PEI is an 
effective DNA binding agent, and has been shown to led to fast cell attachment and 
further spreading [6]. In chemical bath deposition it has been shown that PEI inhibits 
lateral growth, promoting lateral growth only (much like HM TA) and can yield 
extremely long zinc oxide nanowires with concentrations added to the precursor 
solution as low as 5 m M  [7]. Fig. A III .l .  shows the changes in nanowire morphology 
obtained from adding 5 mM o f  PEI to the 1:1 recipe in this work.
F igure A II I . l .  SEM images o f  ZnO NWs on glass substrates, where a) and b) indicate solutions with and 
without 5mM PEI added respectively. Note images a) and b) were obtained at 45° therefore NWs are 
longer than they appear. Images c) and d) cleary show the difference in density and morphology.
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III .2 . M o rp h o lo g y  (S E M )
Fig. AIII.l shows that nanowire morphology is drastically altered by the 
addition of 5 mM PEI, which was expected from the literature. Oiu et al. [8] suggest 
that PEI can preferentially adsorb to different crystal faces allowing the additive to alter 
the surface free energy and growth rate o f  the nanowires, while also maintaining a 
relatively high nanowire density. It can be seen that in this work, in Fig. AHI.lb. that 
the density o f  the nanowire array between the control (1:1) and PEI samples doesn’t 
vary significantly being 1.2 and 1.5 x 109 nanowires per cm 2 for control and PEI 
samples, respectively. The length and width however are severely affected with length 
dropping from 4.0 to 2.2 pm for control and PEI, respectively.
leng th  
□  W id th
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Figure AIM.2. Graphs showing mean o f  measurements taken from Figure AIII.l,  where (A) shows 
length, (B) width, (C) Surface adhesion and (D) optical properties o f  Zinc Oxide nanowires with and 
without inclusive o f  PEI during hydrothermal growth. Morphology values obtained from 90 
measurements for each dimension across 3 discrete areas. Error bars represent ±SD o f  3 areas. * indicates 
p<0.005 and ** p<0.05 compared to each substratum
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As the application o f  PEI has its roots firmly in microbiology, with researchers 
such as Vancha et al. [9] exploring the application o f  PEI for transfection o f  eukaryotic 
cells as the polycations are very effective in binding to DNA. They show that their PEI- 
based protocol was successfully used for transfections with HEK-293 (human 
embryonic kidney) and PC-12 (rat pheochromocytoma) cells. Similarly, Saravia and 
Toca-Herrera [10] use atomic force microscopy (AFM) to investigate the influence o f  
cell shape on its mechanical properties, between control and PEI substrates. They find 
that if the cells were considered as a homogenous solid material then the Hertz model 
could be used to determine the elastic modulus o f  the cell. They report that the mean 
elastic modulus the central part o f  the cell was 191 ±14 Pa and 941 ±58 Pa for cells 
adsorbed on poly(sodium-4-styrenesulfonate) and PEI substrates, respectively. In this 
work, surface adhesion was investigated using AFM and the results are shown in 
Fig.AIII.2c. were it can be observed that PEI actually yields a less adhesive surface with 
a surface adhesion force o f  6 nN compared to the controls 7 nN. No significant 
differences in optical properties o f  control or PEI ZnO nanowires were observed.
Zn La
Control
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s  3.0 -
O Ka
r  2.0
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0.5 ■
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Figure AIII.3. EDX spectra from a normal (control) ZnO nanowire array grown with the 1:1 recipe, and 
an array grown with 5 mM Polyethyleneimine (PEI) added during chemical bath deposition. The control 
and PEI spectrums have been offset by 1000 counts for clarity. The spectrum shown inset corresponds to 
the low intensity peak shown by the arrow on the PEI spectrum, which is Potassium.
EDX was also conducted to confirm incorporation o f  PEI into the nanowire 
given the high 5 mM concentration o f  PEI used during chemical bath deposition. Fig. 
AIII.3 shows that PEI was indeed incorporated within the nanowire. It was discussed in
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chapter 4 that chemical characterization techniques such as EDX can yield an 
understanding of the causes behind trends seen in other characterisation techniques. 
This is because while techniques such as PL can be surface sensitive EDX yields 
information from the bulk. EDX can be used to produce results revealing the atomic 
percentage of all the elements within the material; this can be useful for detailed 
quantitative analysis of samples.
Table AIII.l .  Quantitative information obtained from EDX spectrum, comparing control and PEI.
Sample Element Line App.
Cone.
k ratio Intensity
Corrn.
Weight
%
Weight 
% SD
Atomic
%
Control Carbon K 0.57 0.00265 0.5473 1.35 0.55 4.57
Oxygen K 25.38 0.09110 1.8353 17.88 0.36 45.33
Potassium K 0.00 0.00000 1.2101 0.00 0.00 0.00
Zinc L 53.94 0.53937 0.8635 80.76 0.56 50.10
PEI Carbon K 1.03 0.00476 0.5732 1.74 0.47 5.27
Oxygen K 43.96 0.15778 1.8406 23.17 0.35 52.67
Potassium K 0.92 0.00754 1.1936 0.75 0.14 0.69
Zinc L 63.23 0.63235 0.8249 74.35 0.50 41.37
Table AIII.l. shows the atomic % data obtained from control and PEI samples 
shown in Fig, AIII.l. proving that potassium is incorporated in ZnO nanowires during 
growth due to inclusion of 5 mM PEI. Overall the addition of PEI to the final 1:1 recipe 
revealed in Fig. 7.45. has neither increased aspect ratio nor improved surface adhesion, 
and so the samples were never taken to tissue culture and the work not pursued further.
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A pp en d ix  IV . C ross-sectional IEM  o f  U -2 OS
It was discussed in chapter 8, sub-section 8.5.3 and shown in Fig. 8.24. that the 
focal adhesion points o f  the U-2 OS cells may preferentially adhere to the side o f  the 
ZnO nanowires during proliferation. This was achieved by showing the distribution of 
anti-vinculin conjugated with 5 nm gold colloids within the cell membrane with respect 
to the location o f  the nanowires in several IEM BSE (immuno-electron microscopy and 
back scattered electron) images. In chapter 8 it was mentioned that; these colloids are 
definitely from within the cell membrane and not just sitting on top as several rinsing 
cycles were conducted and the samples were also looked at in cross-section. This 
appendix shows that although extremely difficult to focus due to vibration noise at such 
high magnifications the 5 nm gold colloids were observable in cross-section using the 
PDBSE backscattered electron detector; see Fig. A I V . l .
60nm200nm
Figure AIV.l .  Images show (A) scanning Electron Micrograph of  U-2 OS cell on 2:1 nanowires, and (B) 
a backscattered electron image taken in cross-section o f  a U-2 OS cell fillpodium above and around two 
nanowires with a focal adhesion shown by high contrast 5 nm gold colloid. The sample was prepared 
after 72 hours incubation in McCoy's 5A modified medium at 37 °C 5 % C 0 2, fixed with 4 % Para­
formaldehyde, Penneablised with 0.05% Triton-X and stained.
In Fig. A IV .l .  image contrast is derived from electron density and atomic 
weights rather than topographical information; allowing clear distinction between low 
contrast carbon ‘background’ o f  cell membrane, ZnO nanowires and high contrast gold 
colloids attached to vinculin. The location o f  the cell fillipodium is shown by the label 
‘cell’ in Fig.AIV.lb., therefore it can be confirmed that the 5 nm gold colloids observed 
in Fig. 8.24. are from within the cell.
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A ppendix  V . Q uantify ing N anow ire A lignm ent
It was discussed in chapter 7, multiple times but most substantially in sub­
section 8.5.3 that the alignment o f  nanowires, or rather their angular spread distribution 
with respect to the substrate should be characterised and categorised into a value rather 
than (as many do in the literature) just reported the nanowires are ‘well aligned'. Ideally 
his would mean that all nanowires were aligned 90° to the substrate, or perpendicular to 
it. This ‘ideal’ nanowire array is unlikely to be produced but even fabricating an array 
with an angular spread distribution o f  say 10 ° (i.e. all nanowires are aligned between 
85 - 95° with respect to the substrate) would be more beneficial for monitoring o f  cell- 
substrate interaction. Fig. AV.l explains how the angle with respect to the substrate was 
measured using ImageJ, qualitative data analysis program used in this work. In Fig. 
AV.lb. angle 1 is the divergence o f  the nanowire from the intended angle o f  alignment, 
where ideally the c-axis should be aligned perpendicular to the substrate. Angle 2 
orientation o f  the nanowire with respect to the substrate, using this value angle 1 may be 
obtained yielding the angular spread distribution o f  the nanowire array.
Width
Length
Glass S ubs tra te
Figure AV.l .  Scanning Electron Micrograph o f  ZnO nanowires with a single nanowire highlighted in 
blue and a diagram showing this nanowire and the measurements that are obtained from it in this work.
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A p p en d ix  VI. U sing Im age J Im age E diting  
Softw are
V I.1. In tro d u c tio n
ImageJ is a freely available image processing program that uses Java and can 
display, edit, analyze, process, save and print binary to 32-bit images. ImageJ t supports 
importing and editing "stacks", a series o f  images that share a single window, useful for 
confocal microscopists. It ultalises multiple core computer processors so that time- 
consuming operations such as image file reading can be performed in parallel with other 
operations [11]. ImageJ was used in the majority o f  tasks o f  retrieving quantitative data 
from qualitative SEM images; and performed extremely well.
£ Im ageJ  . a
File Edit Image Process Analyze Plugins Window Help
f p t O . c ] c p | < | a . A | < \  □ !  ^ 1 /  & H
Color picker (255,255,255)
Figure AVI. I: Main window o f  the ImageJ image processing program.
V I.2 . M e a s u r in g  D en sity  o f  Z in c  O x id e  N a n o w ire s
ImageJ is able to import plugins written by the community and provide tools to 
allow the user to write their own programs to address any problem. It has already been 
discussed in chapter 4 that SEM imaging o f  insulating samples can lead to many 
charging artifacts appearing in the image. These artifacts can interfere with many o f  the 
measuring plugins available for ImageJ, such as the ‘line by line’ charging artifacts in 
Fig. AVI.2a. That would results in poor data. Artifacts like these can be removed by 
conducting a normalization o f  all grey levels in the image globally using ‘Contrast- 
limited adaptive histogram equalization’ method. CLAHE works by sectioning the 
image into multiple tiles and applies histogram equalization to each one evening out the 
distribution o f  used grey levels, see Fig. AVI.2b.
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Figure AVI.2: CLAHE normalisation plugin run o f  ZnO nanowire array, where a) is before and b) is 
after process.
V I.3 . M e a s u r in g  cell s u r fa c e  a re a
In chapter 8 it was shown the affect o f  ZnO nanowire morphology on the shape 
o f  U-2 OS cells; however quantitative data was needed to fairly compare the change 
shown in Fig. AVI.3. The following method developed by the author was used to 
measure the surface area:
1) Open Image [File>Open]
2) Resize to a more workable resolution, 1280x960 [Image>Adjust>Size...]
3) Gaussian Smooth [Process>Smooth]
4) Eliminate background with Brightness and Contrast 
[Image>Adjust>Brightness/Contrast]
5) Check amount o f  pixels in scale bar, remember or write this down!
[Analyse>Set Scale]
6) Remove the SEM Data bar [Click Rectangle Tool, Select Data Bar>Edit>Clear]
7) Run Greyscale Watershed Plugin [Plugins>Watershed>Watershed 
Segmentation]
(h ttp :/ /b ig w w w .e p f l.c h /s a g e /s o ft /w a te rs h e d / in d e x .h tm l)
a. It is important to smooth the image further, apply Gaussian Smooth, Radius 3
b. Select Colourised basins as the output, yield our m embrane boundaries
8) Return the image to greyscale [Image>Type>8bit]
9) Threshold the image to obtain either 0 or 255 [Image>Adjust>Threshold]
10) Compare the this image with the original and repair any obvious watershed 
errors (i.e. two cells not being split) using the pencil tool [Image>Colour>Colour 
Picker, select white]
a. This step is only needed for large errors as others will be neglected 
during counting
11) Apply the remember scale from step 5
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12) Using the Magic Wand tool check 20 cells for area spread to get an idea o f  range
13) Using this range count particles! [Analyze>Analyze Particles...]
a. Set the range, typically 800-5000um2 and tick show outlines
14) Finished, now overlay outlines on original to confirm good fit. Fig. AVI.3.
SOOumS4800 5 OkV 6 6mm x100 SE<M)
S£&f
S4600 5 OkV 6 6mm x100 SE(M)
Figure AVI.3: Using the greyscale watershed algorithim to accurately determine the surface area o f  cells.
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